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  Abstract 
 
Crude oil is a complex mixture of hydrocarbons whose physical properties vary 
significantly with its composition, temperature and pressure. Viscosity is a particularly 
important property influencing the flow of oil in hydrocarbon reservoirs and its 
displacement by water and other fluids during production processes.  The modelling and 
optimisation of such processes would be greatly aided by models which predict the 
viscosity of crude oils at (high) reservoir temperatures and pressures (HTHP), ideally 
from a knowledge of the oil composition.  This research has involved making accurate 
HTHP viscosity measurements on a range of hydrocarbon systems and using these to 
evaluate the ability of an effective hard-sphere model to predict the data with minimal 
calibration. 
In the first phase, the viscosity and density of a range of pure hydrocarbons, 
representative of those found in crude oils, and their  mixtures, were measured at 
temperatures and pressures covering typical reservoir conditions (up to 448.15 K and 135 
MPa).  The vibrating wire technique was used for viscosity in conjunction with a 
vibrating U-tube densimeter.  The ability of the Dymond-Assael (DA) effective hard-
sphere model to correlate and predict the viscosity of both the pure components and the 
complex mixtures was investigated.  Agreement for pure components was within ± 5 % 
whereas for the mixtures this ranged from ± 5% to ± 25 % depending on the complexity. 
The same thermophysical properties were determined for two North Sea crude oil 
samples at temperatures ranging from (298.15 to 448.15) K and pressures up to 135 MPa.  
The effect of adding an alkane mixture diluent was also investigated.  It was found that 
by treating the crude oils as  effective single hydrocarbon components, the Dymond-
Assael model could correlate their viscosity to within the experimental uncertainty and 
that of the diluted crudes to within +10%.  The overall study gives encouragement that a 
limited number of calibration viscosity/density measurements on a crude oil should 
enable prediction of its viscosity over a wide range of temperatures and pressures and 
enable viscosity changes to be predicted when crude oils are mixed with components 
whose DA parameters are known.    
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Nomenclature 
 
Definitions of commonly used variables are given below: 
 
Latin Symbols 
 
A  Area 
C  Constant of elasticity 
d  Diameter 
f  Frequency 
F  Force; Flow rate 
G        Gravitational acceleration 
h  Height; Thickness 
i Imaginary number 
i  Current 
I Second moment of area; Inertia 
k  Dielectric constant 
l Length 
L  Length; Inductance 
m  Mass 
M  Torque or bending moment 
p Pressure 
r  Radius 
R Radius; Resistance 
Re Reynolds number 
t  Time 
T  Temperature; Tension 
u,v  Velocity 
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V  Volume; Shear force; Voltage 
x, y, z  Rectangular co-ordinates 
Y  Admittance 
Y  Impedance 
 
Greek Symbols 
α  Dimensionless axial tension; Angular displacement; Length 
β  Dimensionless added mass due to the fluid surrounding the wire 
β′  Dimensionless viscous damping due to the fluid surrounding the wire 
γ  Shear rate 
Δ  Logarithmic increment 
ε  Dimensionless displacement; piezoelectric stress constant 
η  Viscosity 
κ  Departure from end pinned conditions 
Λ  Amplitude 
ν  Kinematic viscosity 
ρ  Density 
σ  Dimensionless radius; Stress; Poisson‟s ratio 
τ  Shear stress; Period 
τ Dimensionless time 
θ  Angle; Period 
ω  Angular frequency 
ω Dimensionless angular frequency 
Ω  Dimensionless quantity closely related to the Reynolds number 
δ Hildebrand solubility parameter 
 
Subscripts 
0  First resonance; In vacuo 
b  Bandwidth 
calc  Calculated
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exp  Experimental 
f  Fluid 
i  Inner 
l  Liquid 
max  Maximum 
mod  Derived using a model 
r  Resonance; Reference 
s  Solid; Series 
T  Total 
W  Tungsten 
YS  Yield stress 
vac  In vacuo 
x, y, z  Rectangular co-ordinate planes 
Mathematical Definitions 
Boldface (v) denotes a vector quantity 
∂ denotes a partial derivative 
∇ is the vector differential operator 
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1.1 Introduction  
The viscosity of fluids is an important transport property that influences the design of 
numerous engineering devices. The importance of viscosity can be seen in universal 
engineering formulas such as the Navier-Stokes‟ equations and Darcy‟s Law. In many 
industries (such as refrigeration and petroleum), the interest in accurate viscosity 
measurement of fluids has always been of significant importance. In the petroleum 
industry, hydrocarbon extraction and reservoir transport processes rely heavily on an 
accurate knowledge of viscosity
1
.  
Current extraction techniques only recover about 35 % of the original oil in place, so 
approximately two thirds of the oil reserves are left in the reservoir. In some enhanced oil 
recovery techniques (EOR), additives, solvents or hot fluids are injected into the reservoir 
to reduce the viscosity of the crude oil and to improve its recovery rate. In order to 
improve reservoir exploitation to recover more oil, it is essential to have a better 
understanding of thermophysical properties at reservoir conditions
2
. To be more precise, 
it is important to have a better understanding of the viscosity, density and phase 
behaviour of reservoir fluids.  These determine and affect the flow in porous media, the 
choice of feasible processing methods, pipe sizing and other design considerations.  
Reservoir simulations are used to model and optimize oil recovery processes, which 
require a knowledge of the fluid properties as a function of temperature and pressure
3, 4
. 
The uncertainty in the viscosity of crude oil can influence significantly the economics of 
the reservoir exploitation. Recent studies have shown that a ± 10 % error in the viscosity 
would produce an error in the cumulative production of ± 2 % and ± 10 % for light and 
heavy crude oil respectively. This emphasises the importance of determining the viscosity 
of reservoir fluids with high accuracy
5, 6
.  
Crude oil is a naturally occurring flammable liquid consisting of a complex mixture of 
hydrocarbons of various molecular weights, found in geological formations under the 
earth‟s surface. Crude oil has become the world‟s most important source of energy since 
the 1950s. It is refined and easily separated by boiling point into a large number of 
products such as gasoline, diesel fuels, jet fuel etc and chemicals used to make reagents 
and plastics.  
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As oil prices have increased in recent years, the importance of, and dependence on crude 
oil in our daily life has led researchers and oil companies to reconsider enhanced oil 
recovery techniques, which were not economically feasible in the past to access the vast 
resources of crude oil remaining within the reservoir. The increases in oil demand and 
depletion of light conventional oil supplies have also diverted the attention of oil 
companies to recover unconventional resources economically and effectively
7
.  
Heavy oil is normally characterized by high viscosities and high densities compared to 
light conventional oil. Different estimates of heavy oil resources range from 9 to 13 
trillion barrels in place worldwide, which is triple the amount of combined world 
resources of conventional oil and gas. Most heavy oil resources are highly viscous and 
immobile at ambient temperature, making them costly to produce and refine
8
. 
 
 
 
 
 
 
 
 
 
Figure 1.1: Estimation of Total World Oil Reserves
8
 
The overall objective of this project was to investigate experimentally the effects of 
temperature, pressure and solvents / diluents on the viscosity and density of a series of 
model hydrocarbons and their mixtures and of two crude oil samples. The experimental 
viscosity data were used to test the Dymond-Assael hard-sphere model
9
 for the 
correlation of the viscosity of the pure fluids and also for the prediction of the viscosity of 
the hydrocarbon mixtures. The study covers a much wider range of hydrocarbons then 
previous studies of this type and aims to explore the extent to which the Dymond-Assael 
approach can be extended to pure fluids and mixtures of significantly greater molecular 
complexity than the simple alkanes for which it was originally developed.   
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 The project was divided into the following two parts. 
 First part of this project was to investigate experimentally the effects of 
temperature T and pressure p on the thermophysical properties (viscosity and 
density) of pure hydrocarbon fluids and their mixtures, at temperatures up to 
448.15 K and pressures up to 135 MPa. A SARA (Saturates, Aromatic, Resins 
and Asphaltenes) analysis is commonly used to characterise the composition of 
crude oil. Typical SARA analyses have been used for the selection of a range of 
model hydrocarbons which, upon mixing together, give fluids which mimic, in a 
simplified way, the range of molecular characteristics and complexity found in 
crude oils. Hydrocarbons such as n-dodecane (C12H26), hexyl benzene (C12H18), 
bicyclohexyl (C12H22) etc were used in the model mixtures. The complete list of 
hydrocarbons selected for the model mixtures is given in section 1.7. 
 Second part of this project was to determine the viscosity and density of two 
crude oil samples at reservoir conditions (temperatures up to 448.15 K and 
pressure up to 135 MPa). The effect of hydrocarbon dilution using a benchmark 
mixture of n-octane, n-dodecane and n-hexadecane was also investigated on the 
viscosity and density of both crude oil samples. 
There are different semi-theoretical models that are used for the correlation and 
prediction of pure fluids and their mixtures
10, 11
. The Dymond-Assael hard-sphere model 
(Section 6.5) has been used in this work for the correlation of pure fluid viscosities and 
also for the prediction of the viscosity of complex hydrocarbon mixtures. This study of 
the viscosity of model hydrocarbon mixtures by the Dymond-Assael method was seen as 
a step towards the prediction of the viscosity of real crude oil mixtures from a knowledge 
of the oil composition. In this work the ability of the method to describe the viscosity of 
the crude oils, treated as a single pseudo-component, has been studied along with using it 
to then predict the effect of the alkane diluent on the crude oil viscosities.   
1.2  Introduction to Crude Oil 
Petroleum (also called crude oil) is a term used to describe a myriad of hydrocarbon-rich 
fluids that have accumulated in subterranean reservoirs over millions of years. Crude oil 
varies dramatically in colour, odour and flow properties that reflect the diversity of its 
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origin. Physical properties such as boiling point, density (specific gravity) and viscosity 
can be used to describe crude oils. Crude oil may be called light or heavy in reference to 
the amount of low-boiling constituents and its relative density (specific gravity). 
 
1.3  Formation of Crude Oil 
 
Crude oil occurs naturally in many types of rock formations underground and is formed 
from decaying plants and animals over millions of years. The original crude oil formed 
from petroleum source rock is not heavy. Almost all crude oils originate with an API 
gravity between 30
o
 to 40
o
 (see next section); the oil becomes heavy only after substantial 
degradation during migration and entrapment
6
. There are several ways by which heavy 
oil is produced in the reservoir such as biodegradation, water washing and phase 
fractionation of crude oil
12, 13
. 
1.4  Categories of Crude Oil  
Crude oils can be divided into different categories according to their API (American 
Petroleum Institute) gravity
8
, which can be expressed by following equation. 
      
     
                
                                                             
where;   ρsample / ρwater = Specific Gravity at 60    
i. Light Crude Oil (Conventional Oil) is usually rich in saturates (linear, branched 
alkanes) and aromatics (benzene) molecules
8
. The API gravity of light 
conventional crude oil is normally > 22.3 .   
ii. Heavy Oil (Non-Conventional Oil) is referred to as low gravity oil, rich in 
asphaltene contents with a large percentage of non-paraffinic hydrocarbons. The 
API gravity is between 10  and 22.3 . 
iii. Extra Heavy Oils with API < 10  are more dense than water. In some reservoirs, 
oils with gravity as low as 7  or 8  are considered to be heavy due to their 
extraction by heavy oil production methods: they include tar sands and 
bitumens
14
. 
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Figure 1.2: Typical Flow Behaviour of Crude Oil
8 
 
1.5  Composition of Crude Oil 
Crude oils are complex in nature and it is difficult to determine the individual molecular 
constituents. Compositional studies are usually done by fractionating crude oil into 
predefined chemical families. Crude oil is normally composed of hydrocarbon 
compounds (alkanes, napthenes and aromatics) and compounds such as resins and 
asphaltenes, which contains heteroatoms
15
. 
1.5.1  Elemental Composition of Crude Oil 
Petroleum normally consists of hydrocarbons plus organic compounds of sulfur, nitrogen 
and oxygen as well as compounds containing metallic elements including vanadium, 
nickel and iron
16
. Hydrocarbon contents may range from as high as 97% in lighter 
paraffinic oil to as low as 50% in heavy asphaltene content crudes. The typical chemical 
composition of crude oil can be summarised in the following table 1.1
17
. 
 
Table 1.1: Elemental Composition of Crude Oil 
Element Composition 
Carbon 83.0 – 87.0 % 
Hydrogen 10.0 – 14.0 % 
Nitrogen 0.1 – 2.0 % 
Oxygen 0.05 – 1.5 % 
Sulfur 0.05 – 6.0 % 
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1.5.2  Composition of Crude Oil by SARA Analysis 
 
Due to the complex composition of crude oil, characterisation by individual molecular 
type is not usually attempted (although current generation GC-MS instruments are 
making this more feasible
18
) and elemental analysis is unattractive because it gives only 
limited information about the constitution of petroleum
19
. Crude oil composition is 
normally described by a range of methods but the most common method is SARA 
analysis
20
. The SARA analysis is a group-type analysis, separating the crude oils in four 
main chemical classes based on differences in solubility and polarity. 
i. Saturates 
Saturates components of heavy oil consists of normal alkanes (n-paraffins), branched 
alkanes (iso-paraffins) and cyclic-alkanes (naphthenes). The proportion of saturates in a 
crude oil normally decreases with increasing molecular weight fractions
21
. 
ii. Aromatic 
These compounds are polar hydrocarbons, which are chemically and physically very 
different from the paraffins and naphthenes. These compounds contain one or more ring 
structures similar to benzene
22
.  
iii. Resins 
Resins are thought to be precursors of the asphaltenes. This fraction is composed of 
molecules containing heteroatoms such as nitrogen, oxygen or sulphur
19 
normally soluble 
in light alkanes such as pentane, hexane etc. Resins may act to stabilise the dispersion of 
asphaltenes aggregate particles: the polar head of the resin surrounds the asphaltene 
molecules, while the aliphatic tail extends into the saturates/aromatics oil. The resin 
molecules can be converted to asphaltenes by oxidation
17
. 
iv. Asphaltenes 
Asphaltenes are polar molecules, similar to resins but with higher molecular weight, 
typically (500 to 2000) g·mol
-1
. They are insoluble in light alkanes but soluble in 
aromatic hydrocarbons such as toluene or by polar solvents such as dichloromethane
19
. 
The components are normally enriched by polyaromatic structures or molecules 
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containing heteroatoms (i.e. S, O, N) and metals (e.g. Va, Ni). Asphaltenes are in 
thermodynamic equilibrium at static reservoir conditions. However changes in 
thermodynamic condition such as temperature and pressure or composition (by solvent 
addition) during production may cause asphaltenes to precipitate out of the fluid.  
 
1.6  Production of Crude Oil 
The initial production of crude oil involves exploiting the natural pressure within the 
reservoir to drive the crude oil to the surface. Once the natural reservoir pressure is 
depleted, secondary recovery is normally carried out by water injection into the reservoir. 
Enhanced oil recovery (EOR) is used to describe the set of processes, used to increase oil 
production beyond conventional oil production techniques
23, 24
. Some of the methods for 
enhanced production of crude oil (light or heavy) include gas/solvent (CO2) injection
25, 26
, 
chemical flooding, thermal recovery (cyclic steam cycle and steam assisted gravity 
drainage)
7, 27
 and vapour extraction processes
28
. 
 
1.7 Selection of Model Hydrocarbons 
The hydrocarbons studied in this work were chosen as simple representations of the types 
of molecule described in section 1.5.2. They are summarised in Table 1.2 which gives 
their melting points, boiling points and molecular structures. The selection  consists of 
three linear alkanes of increasing molecular weight, one branched alkane, one bi-cyclic 
alkane, one alkylated aromatic, one heterocyclic, one polyaromatic and one oxygenated 
aromatic (ester). Phenanthrene was chosen as a model of a  “continental” type asphaltene 
molecule and diisodecyl phthalate, which has a relatively high viscosity in its own right, 
as an analogue of “archipelago” type asphaltenes, or of a heavy oil component29. 
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Table 1.2 : List of hydrocarbons along with their structures, melting and boiling points 
No 
Hydrocarbons         
Abbreviation 
Formula 
m.p 
(
o
C) 
b.p 
(
o
C) 
Structure   
1 n-octane C8H18 -57 125-127 
 
 
2 n-dodecane C12H26 -12 215-217 
 
 
3 n-hexadecane C16H34 18 
287 
   
4 
2,2,4,4,6,8,8-heptamethylnonane 
(HMN) 
C16H34 
 
240 
 
 
5 bicyclohexyl (BCH) C12H22 3 - 4 263 
 
 
6 1,4,diisopropyl Benzene (DIPB)  C12H18 -17 203 
 
7 4-benzyl Pyridine (4BP) C12H11N 9 - 11 287 
 
8 phenanthrene (PHE) C14H10 99 340 
 
 
 
 
9  diisodecyl phthalate (DIDP)  C28H46O4         
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1.8 Crude Oil Samples 
In addition to the model hydrocarbon systems, samples of two North Sea crude oils were 
available for study.  These were relatively „light‟ crudes and had somewhat different 
viscosities and densities.  They were used to investigate the feasibility of using the same 
experimental and modelling techniques used for the model hydrocarbon systems to 
characterise the viscosity and density of real oils under typical reservoir conditions of 
temperature and pressure. 
 
1.9 Thesis Outline 
The thesis describes the experimental techniques, experimental data and the results of the 
modelling studies as follows: 
 Chapter 2 discusses the different viscosity and density measurements techniques 
including the vibrating wire viscometer and u-tube densimeter, which were 
employed in this project for the viscosity and density measurements. 
 Chapter 3 discusses the detailed theory of the vibrating wire viscometer 
 Chapter 4 describes in detail the design of the vibrating wire viscometer and the u-
tube densimeter  
 Chapter 5 describes the experimental procedures used to achieve accurate and 
reproducible results using the apparatus described in chapter 4 
 Chapter 6 discusses the Dymond-Assael hard-sphere model used in this project 
for the correlation and prediction of the viscosities of complex hydrocarbon 
mixtures and crude oils. 
 Chapter 7 reports the experimental viscosity and density of pure hydrocarbon 
fluids and multicomponent mixtures measured using the vibrating wire viscometer 
and vibrating u-tube densimeter respectively and their correlation by the Dymond- 
Assael hard sphere-model. 
 Chapter 8 reports the experimental viscosity and density of two crude oil samples 
measured using the vibrating wire viscometer and vibrating u-tube densimeter 
respectively and their correlation by the Dymond-Assael hard-sphere model. 
 Chapter 9 discusses the main conclusions of the study and possible future work. 
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 Appendix A contains the experimental data for the viscosity and density of the 
pure hydrocarbons and their mixtures 
 Appendix B contains the experimental viscosity and density data of the two crude 
oil samples and their dilution with hydrocarbon mixtures. 
 Appendix C contains the detailed engineering drawings of the vibrating wire 
sensor. 
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Review of Experimental Measurements and Techniques 
 
 2.1  Introduction  
 
This chapter provides an overview of the techniques available for measurement of 
viscosity and density. In nearly all engineering applications involving fluids, it is 
necessary to predict the manner in which these properties react to change in temperature 
and/or pressure.  
Viscosity is a measure of the shear stress generated in a fluid when it is in motion. The 
shear stress is the force created within the fluid due to its relative movement. 
Alternatively “Viscosity is a measure of the fluids ability to resist motion when a 
shearing stress is applied”. It is the property that indicates the fluids resistance to motion. 
The viscosity of liquids decreases with increase in temperature and viscosity of gases 
increases with increase in temperature.   
The shear stress is   is directly proportional to shear rate and the viscosity can be defined 
by Newton‟s law of viscosity according to following equation 2.1                                                               
                                                       
  
                                                                                                                  
where τ = shear stress,     = viscosity and   
  
  
 = local shear rate (velocity gradient) 
The fluids in which the η is independent of shear rate, shear stress and time are known as 
Newtonian fluids and fluids in which η is dependent on one or more of those parameters 
are known as non-Newtonian fluids. Many of the instruments used for measuring 
viscosity provide a measure of kinematic viscosity   defined by 
   
 
 
                                                                       
where ρ is the fluid density. Therefore an independent measure of density is required at 
any temperature and pressure. 
Viscometers can be divided into two categories, primary and secondary viscometers. 
Primary viscometers use rigorous working equations and exploit detailed knowledge of 
any correction factors. Secondary viscometers lack a complete set of working equations 
or require empirical correction factors. In this work, only primary viscometer was used. 
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Generally, primary viscometers can be operated in absolute and relative modes. Absolute 
measurements require a full characterisation of the instruments and any variable relevant 
to the corrections applied. These primary viscometers are to conform as closely as 
possible to the theory to minimise correction factors. However it is difficult to achieve, so 
these viscometers are often operated in relative manner, in which some physical constants 
that cannot be measured absolutely with sufficient accuracy are determined by means of 
calibration. 
 
  2.2  Introduction to Viscometers 
 
There are different types of viscometers, which are used commercially and industrially 
worldwide and can be divided into following categories
1
. 
 The fluid is forced through a capillary tube by pressure difference. 
 A body of revolution falls through the liquid under gravity. 
 A solid body if forced to perform oscillations while immersed in the fluid. 
 
2.2.1  Capillary Viscometer 
 
Capillary viscometers have been used extensively for measurement of viscosity, 
especially for the liquid phase due to their simplicity in construction and operation. In a 
capillary viscometer, the fluid is forced through a small tube or capillary by applying a 
pressure difference across the tube
2
. The relation between viscosity and efflux time is 
given by the Hagen-Poiseuille equation as follow
1 
 
   
     
        
 
   
        
                                              
 
where R is the radius of the capillary,     the pressure drop along the capillary, Q the 
volumetric flow rate,   the fluid density, m the kinetic energy correction factor and n the 
correction factor. The following assumptions were considered for equation (2.3) for 
measurement of viscosity of any fluid
3-4
. 
              2. Review of Experimental Measurements and Techniques   
15 
 
 the capillary is straight and of uniform cross section. 
 the fluid is incompressible and of constant density. 
 the viscosity variation across the capillary length due to pressure is negligible due 
to newtonian fluid. 
 the temperature of the fluid is constant and the temperature rise  due to viscous 
dissipation (is negligible). 
 the flow through the capillary is steady and laminar. 
 there is no slip of the fluid at the capillary wall. 
 
Since the radius is difficult to measure with sufficient accuracy, a calibration is usually 
carried out with one fluid over wide range of flow conditions taking into account the wall 
roughness and non-uniformity of cross section. Any deviations from above assumptions 
would limit the accuracy of the method
5
. 
Capillary viscometers are normally used for viscosity measurements at ambient pressure. 
They can be used for liquids and gases at high pressures and temperatures with special 
precautions and additional instrument
6
. 
 
2.2.2  Falling body Viscometer 
 
The term falling body is common for a set of instruments that use a solid of revolution 
(e.g. a sphere or cylinder) falling through the fluid of interest to determine its viscosity. It 
is based on Stokes law and is capable of measurements within the validity range of 
Stokes law. A cylindrical sinker offers the advantage of operating closer to the theoretical 
constraints, as its position in the axis of the surrounding tube is more stable when 
compared to sphere
7
. The method determines the time taken for a cylindrical body to fall 
a known distance through the fluid of interest
8
. Under gravity a falling solid body reaches 
a terminal velocity for which the gravitational and viscous forces are balanced. The 
working equations for falling body viscometer are summarised below
3 
 
      (
      
 
)                                                                
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where    is the density of the fluid,    the density of the falling body of mass m, length    
and radius   ,    the radius of the cylindrical container. The above working equations are 
based on following assumptions
3
, 
 
 the Reynolds number must be << 1 
 the falling body is falling at constant velocity 
 the fluid flow is entirely laminar axial, cylindrically symmetrical and fully 
developed. 
These simplified equations fail at high Reynolds numbers. Therefore the apparatus is 
operated in a relative manner with a simplified empirical expression for C. Empirical 
constants are calibrated with a range of reference fluids of known density and viscosity 
covering the range of interest fluid. It is to be noted that calibrated value of C is always 
dependent on viscosity at low viscosity values and independent at higher values. The 
falling body viscometer has been used for measurements of viscoisty of different 
hydrocarbon compunds
9-12
. 
 
2.2.3  Rolling Ball Viscometer 
 
Due to their simplicity, rolling ball viscometers have been used widely for viscosity 
measurement of hydrocarbons ranging from simple hydrocarbons to complex mixtures. 
The measurements are carried out with the unit inclined at an angle at which the sphere is 
rolled through the fluid. The sphere diameter should be taken into consideration during 
viscosity measurements. For higher viscosity, the higher angle and sphere with lower 
diameter is normally used. The viscosity η can be represented by following equation13  
                                                                          
 
where k  is the geometric function of the aspect ratio of the viscometer,   the density of 
the fluid,    the density of the ball and t is the roll time.   
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Although these instruments are simple to construct, they present a number of difficulties 
such as detection of the roll time and determination of the geometric size. These limit the 
accuracy to about ± 3%. Despite their limitations, these have been used for viscosity 
measurements of hydrocarbons at high temperatures and pressures
14-19
. 
 
2.2.4  Oscillating Body Viscometer 
 
An oscillating body viscometer consists of an axially symmetric body suspended from a 
torsion wire so that the body performs oscillation in the fluid about its axis of symmetry. 
The fluid causes a torque on the surface of the body, which acts to reduce the amplitude 
of the oscillation and increase the period of oscillation from that in vacuum. The change 
in frequency and damping decrement depends only on the viscosity and density of the 
fluid and stiffness of the suspension system
3
. 
 
         
  *
      
   
    
     
   
        
       +                          
 
where      is the torque exerted on the body by the fluid,   the moment of inertia of the 
body,    the angular frequency in vacuum,   the dimensionless time and    is the 
logarithmic decrement in vacuum. The formal solution to above equation can be found by 
means of Laplace transform, which can be evaluated to yield b following working 
equation
13
, 
                                                                               
 
        
                                                                     
where   =T0/T is the ratio of the period to that in fluid, D (s) is the expression for the 
torque in the Laplace domain.  
The form of D(s) depends on the particular oscillating body viscometer used and contains 
the fluid viscosity and it can be obtained by solving either one of the equations (2.8 and 
2.9). Since   is very close to the unity, the factor             may contain large 
uncertainty for the real part unless the period measurements are made sufficient accurate. 
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For this reason the equation for the imaginary part is preferred to determine the viscosity. 
The equation for the real part can be used for consistency checks or it may be used to 
determine the fluid density simultaneously with the viscosity. The above working 
equations (2.7–2.9) are based on following assumptions, 
 the frequency and amplitude are sufficient small to neglect secondary flows 
 the suspension wire is perfectly elastic and hence the body weight must not 
impose a large tension on the strand 
 the linearised Navier-Stokes equation for an incompressible fluid apply 
Corrections to the theory must be considered for outer boundary conditions, secondary 
flows, edge effects, compressibility and thermal expansion for accurate viscosity 
measurements.  
 
2.2.5  Vibrating Element Viscometer 
 
The vibrating element viscometers are closely related to oscillating body viscometers 
except that they performs transverse oscillations rather than torsional oscillations. It is the 
effect of surrounding liquid on the period of vibration and amplitude of the solid body 
that determines the viscosity measurements to be made
13
.  
There are different types of vibrating wire viscometers which are widely used
5,7
 
i. Torsional Crystal Viscometer (TC): this is based on simple close up 
approximations and no analysis of errors arising from approximations has been 
made. TC also lack complete working equations, which makes it less suitable to 
be used as an accurate way to determine viscosity of fluids.  
 
ii. Vibrating Wire Viscometer (VW): the theory of VW is based on transverse 
vibrations of the stretched wire which is used to measure the viscosity.  
 
iii. Vibrating Plate Viscometer (VP): it is similar in operation to vibrating wire but 
utilising a clamped plate rather than stretched wire but not of the highest accuracy 
to vibrating wire. 
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The vibrating wire viscometer has been selected to determine the viscosity of 
hydrocarbons at reservoir conditions T up to 448.15 K and p up to 140 MPa
7
. The theory 
of the VW viscometer technique is outlined elsewhere (chapter 3). In summary, some of 
the important features of the VW viscometer are summarised as follow, 
 complete working equation are available including correction 
 reasonably compact due to their simple mechanical design  
 requires small amount of fluid for viscosity measurement 
 can be used to determine viscosity at elevated temperatures and pressures 
 the viscosity range can be modified by changing wire radius or material 
2.3  Introduction to Densimeters 
 
There are two main reasons to determine the density of hydrocarbons during the 
experiment. First reason is to obtain the actual density data of fluids, while the second 
reason the vibrating wire viscometer requires a density input value to calculate the 
viscosity at given condition of temperature and pressure. 
The different types of densimeters have been explained elsewhere in detail
3, 20
. In this 
section some of the commonly used densimeters will be described; 
 Densimeters based on Archimedes buoyancy principle. 
 Densimeters based on hydrostatic balance with magnetic suspension couplings. 
 Densimeters based on vibrating bodies. 
2.3.1  Buoyancy Densimeters 
 
These types of densimeters are based on Archimedes buoyancy principle. In these 
densimeters the apparent weight of a sinker (sphere or cylinder of known mass and 
volume) is measured when the sinker is completely surrounded by the fluid whose 
density is to be determined. The density of the sample fluid can be calculated by simple 
following equation 
20
. 
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where     the true mass of the sinker,   is the acceleration of free fall,   
   
  
 
 
 the 
apparent mass of the sinker surrounded by sample fluid,    is the volume of the sinker. 
The mass, mS, of the sinker can be determined by weighing in vacuum or by weighing in 
air; when weighing in air, the buoyant force of air on the sinker has then to be corrected 
for. The volume of the sinker, VS, can be determined by measuring its dimensions or by 
weighing in water. 
 
These densimeters can operate under static or flow conditions but require a vibration free 
environment. They are also sensitive to the flow rate of the surrounding fluids especially 
at higher viscosities
7
. 
 
There are different types of densimeters based on the buoyancy principle, which are used 
for density measurements of liquids over wide range of temperatures and pressures
20
. 
 Hydrostatic balance densimeter; it involves the direct weighing of a sinker 
immersed totally in a sample fluid. These are often used for density measurements 
at atmospheric pressures over elevated range of temperatures. 
 Magnetic float and magnetic suspension densimeter; it is based on a principle that 
a float containing a magnet or a soft iron core is held in a stable position by means 
of a solenoid within the sample fluid.  
 Magnetic float and magnetic suspension densimeter in combination with 
balances; these are achieved by combining magnetic float and suspension with 
analytical balances. In this way the buoyant force on the float or sinker is 
determined by weighing directly. 
 
2.3.2  Two Sinker Densimeter 
 
These densimeters are used for accurate measurements of saturated liquid and saturated 
vapour densities of pure fluids. Different types of two sinker densimeters have been 
explained in detail by other
20
. 
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These densimeters are based on “Archimedes” buoyancy principles and applied in a 
novel way as differential methods. Instead of traditional one sinker, two specially 
matched sinkers are used. Instead of the usual single sinker, two specially matched 
sinkers are used; one of the sinkers is a gold covered quartz-glass sphere and the other is 
a disc of solid gold both having  the same mass, the same surface area, and the same 
surface material, but a considerable difference in volume. The sinkers can be put 
alternately on a sinker support, which is connected to analytic balance by a thin wire via 
magnetic suspension couplings. In this way the apparent mass difference of the sinkers 
immersed within sample fluid can be determined accurately. The density of the fluid in 
the measuring cell can be determined from following equation. 
 
                                  
           
     
                                                              
                                      
where   is the fluid density,                  the mass difference of two sinkers 
and        
     
    is the mass difference of the sinkers surrounded by the 
sample fluid. 
 
2.3.3  Densimeters based on Vibrating Bodies 
 
The densimeters based on vibrating bodies can be divided into following categories. The 
main advantage of vibrating bodies is able to operate at high temperature and pressure
20
. 
 
2.3.3.1      Density Measurements with Vibrating Hollow Cylinders and Forks  
 
These densimeters are normally used for gas density measurements and particularly used 
for the measurement of natural gases in pipelines. These are normally operated at 
temperatures from 263.15 K to 353.15 K at pressures up to 15 MPa and are calibrated 
with methane
5
. Despite these moderate operating conditions, these densimeters have high 
uncertainties of (± 0.15%) for pure natural gases. 
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2.3.3.2  Density Measurements with Vibrating Wires 
 
These densimeters are normally used with simultaneous viscosity measurement. With 
these instruments the density and viscosity can be determined simultaneously. Vibrating 
wire densimeters can be used at high temperatures up to 474 K and pressures up to 1 
GPa. A small density uncertainty (± 0.2%) can be achieved with vibrating wire 
densimeters 
7, 20
.  
 
2.4   Vibrating tube Densimeters 
 
These densimeters are commercially available and allow precise density measurement 
over range of high temperatures and pressure
21-23
. The vibrating tube densimeters for high 
pressures normally consists of  metal tubes with precision of 10
-2
     ⁄  in density and 
normally glass tubes with precision of 10
-3
     ⁄  are used for low pressures20. These 
densimeters are normally calibrated by a reference fluid and uncertainty in density 
measurement is normally determined by calibration procedure. In this work vibrating 
tube densimeter was used for density measurement over wide range of temperatures (up 
to 448 K) and pressure (up to 135 MPa). The calibration procedure has been described 
somewhere else (chapter 5). 
 
2.4.1  Principle of Vibrating Tube Densimeter 
 
The principle of vibrating tube densimeter involves the measurement of vibration period 
of U-shaped tube, which changes with the density of the fluid surrounding the tube 
24
. A 
vibrating tube densimeter directly measures the vibration period τ of the U-shaped tube 
which is surrounded by sample fluid. The density of sample fluid is then determined by 
applying the relation between density (ρ) and vibration period (τ).  
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Figure 2.1: Schematic Diagram of Vibrating Tube Densimeter 
 
The vibrating tube densimeter is made to vibrate by driving the electrical current through 
it, which vibrates the U-tube densimeter in the direction perpendicular to the plane of the 
tube, the sample fluid is restrained by the pipe wall and vibrated as one body. So the 
influence of viscosity is considered to be small because relative displacement of the U-
tube is very small. The vibration period τ is given by following equation3. 
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where   is the period of vibration,    and   are the mass and internal volume of the tube, 
ρ the fluid density and C the force constant that depends on the size and shape of the tube, 
K and L are temperature and pressure dependent parameters. In reality it is not possible to 
express the temperature and pressure dependence of C and Vt and the parameters K and L 
cannot be determined directly from above equation. Instead the following semi-empirical 
polynomial equation can be used to determine fluid density. 
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Theory of the Vibrating Wire Viscometer 
3.1  Introduction 
The initial development of the vibrating-wire technique was based on early research in 
which the difference in vibration period of a pendulum in vacuum and air were analysed. 
By 1830 Bessel had identified the effect of buoyancy and inertia of air and also identified 
the viscosity as an extra factor, which contributed toward the period of vibration. Later 
on, Stokes identified the effects of density and viscosity by means of the Navier Stokes 
equation
1
.  
The first vibrating wire device based on hydrodynamic theory was constructed by Tough 
and et al
2-3
. The early versions of its implementation were inhibited by limitations of the 
available measurement technology available and failure to develop a theory applicable to 
a real instrument. However, the theory of vibrating wire viscometer and densimeter, 
based on the same principles, were refined by Retsina et al
4-5
. Retsina et al. improved the 
hydrodynamic theory with the introduction of minor corrections for transient operation 
and clear delineation of the operating limits.  
There are different types of vibrating wires that can be used for viscosity measurements, 
but normally tungsten or stainless steel wires are used for experiments. Tungsten wire is 
preferred due to its high density and high tensile strength. The two of the most common 
types of vibrating wire viscometers are summarised below.   
 In the first type of viscometer, the tungsten wire is suspended vertically from a 
clamp at the top end and the wire is tensioned by a weight suspended from the 
lower end. When the suspended mass is surrounded by fluid, it introduces a 
buoyancy force into the working equations. This increases the sensitivity of 
device to density while maintaining the sensitivity to viscosity. The viscosity (η) 
and density (ρ) can be determined simultaneously with this device. 
 
 In the second type of viscometer, the tungsten wire is clamped between two rigid 
supports, which exclude the use of a tensioning weight. The clamped wire does 
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not experience the effect of buoyancy on a sinker and is subjected to resonance 
frequency instabilities detrimental to the accuracy of the density measurement. 
Hence an independent measure of density (ρ) is required. However, the device is 
very robust and this type of vibrating wire viscometer was used for this project to 
determine the viscosity of hydrocarbon compounds. 
 
3.2    Theory of a vibrating wire 
 
The theory relevant to a vibrating wire device can be divided into two different parts: the 
motion of the wire and that of the mechanics of the surrounding fluid. Decoupling of the 
theory simplifies analysis and results in two sets of conditions which must be met by a 
physical device in order to conform to the theory. The simplified analysis then leads to a 
set of working equations and corrections which, together with an array of conditions 
concerning the validity of the theory
6
. 
3.2.1 Wire Mechanics 
A vibrating wire can be considered to be a straight circular-section solid body fixed at 
both ends and free to vibrate in the transverse direction within a plane of symmetry 
containing the body at rest (figure 3.1). Consideration of an infinitesimal element of the 
body in this plane allows determination of the normal forces acting on it. For this 
purpose, it is first assumed that the angles    and    are small so that application of a first 
order Taylor series expansion leads to: 
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Figure 3.1
1
: Infinitesimal element of a piece of wire 
 
The normal force acting on the wire in a direction away from its rest position, F, is given 
by: 
    
   
   
                                                                  
   
where   is the mass per unit length of the wire. By equating the forces in the y-direction 
using the relationship         and setting the resultant force equal to zero for free 
vibration, the following equation is obtained:  
 
  
   
   
      
   
   
                                                       
    
where T is the tension in the wire. An assumption of no stiffness is not valid because the 
wire used in a vibrating wire instruments has significant flexural stiffness. Hence the 
small element is also subject to shear forces and bending moments as shown in figure 3.2.  
 
 
Figure 3.2
1
: Additional flexural stiffness components 
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Again, using a first order Taylor series expansion and equilibrating the forces in the y-
direction gives:  
    
  
  
                                                                       
where V is the shear force. From the bending moment equilibrium about     : 
     
  
  
                                                                          
where M is the bending moment. Furthermore, from flexural theory the following 
relationship is obtained: 
    
   
   
                                                                       
where E is the modulus of elasticity of the element and   is its second moment of area. 
Combining equations (3.5) to (3.7) results in the final expression for the additional force 
   on the stiff wire: 
     
   
   
                                                                      
Finally, the effects of damping and added mass due to the fluid surrounding the wire must 
to be included. The force due to damping is given by: 
   (     )
  
  
                                                               
where    is the viscous damping of the fluid to be determined by fluid mechanics and    
is the internal damping for the wire not being perfectly elastic. The force required to 
displace the surrounding fluid is given by: 
     
   
   
                                                                    
where    is the inertial mass of the fluid (incorporating the mass of fluid the wire must 
displace as well as the inertia of accelerating and then decelerating the fluid as it is 
displaced). The addition of terms in equations (3.8), (3.9) and (3.10) to equation (3.8) 
gives the defining equation for a stiff wire under tension surrounded by fluid and 
undergoing free transverse oscillations: 
 
  
   
   
  
   
   
 (     )
   
   
 (     )
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Under the influence of an applied force equation (3.11) becomes: 
 
   
   
   
  
   
   
 (     )
   
   
 (     )
  
  
                            
 
where F (z,t)  is the amplitude of the force per unit length and      describes the variation 
with time (the exponential form is used for mathematical simplicity: only the real part is 
physically significant, the imaginary part can be ignored). In steady state operation, we 
use both the real and the imaginary parts of the function. Equations (3.11) and (3.12) 
neglect the presence of rotary inertia effects or shearing deformations (distortion of the 
planes of the tube) under the condition that the length of the wire is significantly greater 
than its radius. The failure of this assumption may be important at high frequencies when 
the length is subdivided into comparatively short portions between nodes
7
. 
3.2.2 Fluid Mechanics 
In order to solve the fluid mechanical problem it is assumed that the cylinder is infinitely 
long of radius R undergoing periodic transverse oscillations of amplitude εR and 
frequency ω in an unbounded, incompressible Newtonian fluid of density ρ and viscosity 
η. The mass conservation equation for an incompressible fluid and the Navier-Stokes 
equations are given by: 
                                                                                
 (
  
  
     )                                                              
where bold face indicates a vector, v is the fluid velocity, t is time, p is pressure and g is 
the gravitational acceleration. In order to simplify the analysis some assumptions are 
made about which terms are negligible in equation 3.14. Noting that the length scale is ~ 
R, the time period of oscillations of the cylinder is 2 /  , and the velocity is    , we 
have, to an order of magnitude,    ⁄      | |       , | |        and | |    . 
Hence, it follows that the magnitude of the linear inertial term, nonlinear inertial term and 
viscous term are
8
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| 
  
  
|         |     |         |   |  
   
 
                               
 
The Reynolds number (ratio of nonlinear inertial to viscous forces) as: 
    
     
 
                                                                            
and, additionally, we define the quantity   in terms of ratio of linear inertial to viscous 
forces as: 
   
    
 
 
  
 
                                                                        
 
Consideration of these two parameters leads to the following condition over which the 
nonlinear inertial effects in equation 3.14 may be neglected while retaining the viscous 
and linear inertial effects, thus simplifying the ensuing analysis: 
            
 
 
                                                             
In fact, it has been shown
4 
that the non-linear term is of the order of   at most, and 
therefore the above condition can be relaxed to the following: 
        
 
  
                                                                   
By satisfying the above condition and incorporating the gravitational term in the pressure 
term, equation (3.14) simplifies to: 
 
  
  
                                                                         
The assumption has been made that cylinder is infinitely long, thus it is expected that the 
velocity v has no z component and that p,    and      are independent of z. Thus, there 
exists a stream function (velocity potential), ψ, such that: 
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Defining the simplified Navier-Stokes‟ equation in terms of the stream function and cross 
differentiating, the following equation is obtained: 
 
 (
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Here we seek a solution to (3.22) for steady-state periodic motion in the fluid that is 
symmetric about the x = 0 plane. To proceed, a set of boundary conditions must first be 
imposed. At infinity the fluid should be stationary, thus: 
                                                                           
 
In order to satisfy equations 3.21 and 3.23,   should tend to a constant value as r  , 
and we arbitrarily choose: 
                                                                           
Furthermore, if it is assumed that there is no slip and no flow into the cylinder at the 
moving surface, the velocity of the fluid at the surface must be the same as that of the 
cylinder. The velocity at the moving surface is given by the time derivative of its 
displacement, the latter conveniently described as a periodic function of time using      
multiplied by the amplitude of the oscillations,  R. Having already assumed that    , 
(equation 3.19), the boundary conditions to be imposed at the instantaneous position of 
the surface of the cylinder may be transferred (using a Taylor series expansion) and 
imposed instead at is average position. Hence, to leading order: 
 
        
                  
                                             
 
 
and from equation 3.21, 
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In order to solve equation 3.22 subject to boundary conditions 3.24 and 3.26, it is 
convenient to adopt the following dimensionless variables: 
 
  
  
   
   
 
 
   
 
    
                                               
Equation 3.22 now becomes: 
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with the boundary conditions, 
 
  
  
       ̌     
  
  
      ̌                                         
 
Motivated by the form of the boundary conditions a solution of the form: 
              ̌                                                               
 
is assumed. Substitution of equation (3.30) into (3.28) and (3.29) gives: 
(
  
   
 
 
 
 
  
 
 
  
   )(
   
   
 
 
 
  
  
 
 
  
 )                               
 
with boundary conditions, 
    
  
  
                                                        
Equation (3.31) has the general solution: 
  
 
 
       (  √  )      ( √  )                                             
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where J1 is a Bessel function of the first kind, K1 is a modified Bessel function of the 
second kind and A, B, C and D are constants. Because      as    , B = 0 and C = 0, 
otherwise f would become unbounded. Hence, the solution for this case becomes: 
  
 
 
     ( √  )                                                                 
with A and D are obtained from the boundary conditions (equation 3.32): 
   (  
   (√  )
√    (√  )
)     
  
√    (√  )
                              
 
The solution to the dimensionless stream function, Φ, can now be used to determine the 
force per unit length exerted by the cylinder on the fluid in the direction of oscillation: 
   ∫ [                    ]   |   
  
 
                            
where     and     are the radial normal and shear stress components acting on the surface 
of the wire. Equation 3.36 can be expressed in terms of the function Φ and solved to give 
            ̌                                                         
 
The force per unit length can also be expressed in the form: 
      (                      )                                           
where the acceleration and velocity of the cylinder in the direction of oscillation are given 
by           and          respectively. Thus the quantities     and     required by 
the wire mechanics equation (3.12) are  
      
          
                                                            
Finally, k and k’ are found by equating equations (3.37) and (3.38): 
                                                                        
where      and      denote the real and imaginary parts of A. 
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3.2.3 Working Equations 
By substituting the fluid mechanical expressions for the force on the wire pre unit length, 
equation (3.39), with the equation of the wire, equation (3.12) and introducing the 
following dimensionless variables: 
   
 
 
                                                                                
       
              
                                                         
   
 
  
           
 
  
                                                            
  
    
   
   
 
 
            
        
   
   
                                    
 
       
      
                                                               
 
Equation (3.12) can be re-written as
5
: 
                 
               ̃  
                                          
 
The mechanical problem can now be solved by assuming a solution of the form: 
              ̌                                                                
 
subject to the given boundary conditions to give
1
 
  
                  
       [  
                     ]
                                           
where       and    is the resonance frequency in vacuum. 
  
Excitation and detection of the wire motion is achieved by placing the wire in a magnetic 
field and passing a sinusoidal current through it. This causes a Lorentzian force to act on 
the wire and set it into motion; in turn, this motion induces a voltage across the wire due 
to Faraday‟s law, which can be measured. A mathematical expression relating the 
experimental voltage to the fluid properties can be derived as follows (see ref
1
for a more 
detailed derivation). From Faradays‟ Law of Induction: 
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By taking the average along the length of the wire and substituting the expression for the 
velocity obtained by differentiation of equation (3.49) with respect to time, as well as that 
of the force per unit length acting on the wire, the induced voltage across the wire is 
given as follows
6
: 
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Here, L is the half-length of the wire, Lm the half-length of the magnet, B the magnetic 
field strength and I the amplitude of the current in the wire. It is worth noting that due to 
the assumptions made in deriving the equation for   and the uncertainty in measuring 
quantities such as the magnetic field strength, in practice this parameter is determined 
experimentally. 
3.2.4 Bandwidth of Resonance 
Multiplying top and bottom of equation (3.50) by -i and re-arranging gives: 
   
  
             [  
         ]
                                           
 
The induced voltage can be decomposed into real and imaginary parts by equating: 
                                                                                 
to equation (3.52) and solving for X and Y. The result is: 
  
           
            [  
         ]
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The amplitude of the induced voltage is given by: 
|  |  [ 
    ]                                                                     
which, by substitution of equations (3.54) and (3.55) results in: 
|  |  
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Now, the bandwidth of the resonance is defined as: 
                                                                      
where    and    are the frequencies at which the amplitude of    is  √ ⁄  of that at 
resonance. Hence: 
|  |   
|  |  
√ 
                                                            
Replacing   with    and    as appropriate in equation (3.57) leads to the following 
expression for the bandwidth: 
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The type of the vibrating wire viscometer used in this work, the tungsten wire was 
clamped between two rigid supports, which excluded the use of a tensioning weight and 
was placed into the magnetic field. An alternating current was passed through the wire, 
thereby setting it into transverse oscillation, and the voltage developed across the wire 
was measured by means of a lock-in amplifier. The steady-state frequency response of 
the oscillating wire was measured in the vicinity of the fundamental transverse resonance 
mode. The resonance frequency of this mode is sensitive to the density of the surrounding 
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fluid and width of the resonance curve is sensitive to the viscosity of the fluid. The 
measured voltage V generally consist of two terms: the first, V1(f), arises from the motion 
of the wire (equation 3.50), while the second, V2(f), arises from the electrical impedance 
of the stationary wire. 
                                                                          
Experimentally, one measures the real and imaginary components of V as a function of 
frequency f for frequencies in the neighbourhood of f0 in the fluid of interest. Then the 
parameters a, b, c,   , η and ρ are simultaneously fitted by using equations described in 
this chapter. The fitting procedure and further details have been explained in section 4.6. 
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Experimental Design 
4.1  Introduction 
 
This chapter describes in detail the design of the vibrating wire viscometer and the u-
tube densimeter employed in this work and the experimental apparatus to handle and 
test the fluid samples at conditions similar to the reservoir environment (temperatures 
up to 448.15 K and pressure up to 135 MPa). 
 
4.2  Vibrating Wire Viscometer 
 
A useful vibrating wire sensor can be made from a thin metallic wire stretched 
between two fixed supports and driven in the fundamental transverse model of 
oscillation. The initial development of the vibrating wire sensor has been explained in 
detail elsewhere
1-2
. The sensor is shown in figure 4.1. 
The ceramic flow tube of the vibrating wire viscometer used in this work was made 
from Shapal-M mechinable ceramic with a thermal expansion coefficient of 4.4 × 10
-6
 
K
-1
. The flow tube was 52 mm in length with an outer diameter of 11.5 mm and an 
inner diameter of 7.5 mm. The metallic end supports (attached using the two 
component epoxy encapsulant Stycast 2850 FT) consisting of two plates for clamping 
a wire under axial tension along the tube centre. When the sensor was assembled, the 
inside distance between the clamping plates was 50 mm. The clamping surfaces were 
made from Monel K-500, which provided high hardness and good resistance against 
corrosive materials. Two pairs of type 316 stainless steel screws (M2 cap-head) were 
used to provide the clamping force between the plates. Additionally, pairs of 1 mm 
diameter pins made from Monel 400 were inserted in each of the lower end support. 
The pins not only aligned the clamping plates with respect to each other but also align 
the thin metallic wire axially through the centre of the ceramic flow tube (figure 4.1).  
The ceramic flow tube was modified from previous designs
1
 to accommodate a pair of 
o-rings (Kalrez Spectrum 7090) with an inner diameter of 9.5 mm and cross section of 
1 mm.  This prevented the metal parts of the sensor from touching the bore vessel of 
and also maintained its position fixed inside the pressure vessel. 
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Figure 4.1: The vibrating wire sensor, 1 = ceramic flow tube, 2 = M2 cap-head screws 
3 = Clamp, 4 =1 mm pins, 5 = End Supports   
 
The vibrating-wire viscometer was operated in a four-wire circuit, where one pair of 
wires is used to deliver the constant sinusoidal drive current and the second pair 
measures the voltage developed across the vibrating wire (see section 4.4 and 4.5). In 
previous designs
1-2
, a pair of wires was connected to one end of the vibrating sensor 
(end supports) and other pair passed outside the ceramic flow tube through the end 
supports to the other end of the vibrating sensor. In this work, the vibrating wire 
viscometer was modified to house larger wire diameters of up to 500 μm. Initial 
design involved a pair of electric wires passing inside the ceramic flow tube through 
one hole of diameter 1mm at the base of the end supports. At one end of the vibrating 
sensors, a pair of wires was connected and other pair was soldered onto a single wire 
of 7 strands 19 AWG silver plated copper wire with PTFE insulation and passed 
though the ceramic tube (at the base of the ceramic tube) to the other end of the 
vibrating wire sensor. Later design involved two 1mm holes at the base of the each 
end piece and the pair of wires was passed through the ceramic tube to complete the 
electrical circuit. It was ensured that pair of wires did not come in contact with the 
tungsten wire, which would have caused significant error to the viscosity 
measurements. 
 
Tungsten wire was used in this work because of its high Young‟s modulus and high 
density values compared with other materials. Gold plated tungsten wires of different 
diameters were obtained from Luma Metal (Sweden). The vibrating wire sensor was 
assembled by mounting it vertically using a laboratory clamp and passing the tungsten 
wire through the ceramic tube. The upper end of the wire was aligned using the pins 
1 
2 
3 
4 5 
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and clamped. The lower end of the wire was attached to a hanging weight of 
appropriate mass to achieve the sufficient tension. As a rule of thumb, the tension 
should fall in the range
2
, 
     
 
  
                                                                    
 
The wire was then left under tension for about 12 hours and then carefully aligned and 
clamped at the lower end. 
Table 4.1 : Effect of Tensioning weight on resulting resonance frequency 
Wire  L / mm m / kg Nominal Radius (μm) Resulting Frequency (fexp) 
Sample 1 50 0.31 75 729.4 
Sample 2 50 0.65 75 1112.4 
 
 
4.3  Pressure Vessel and Magnetic Circuit 
 
The pressure vessel for housing the vibrating wire sensor with wires of up to 500 μm 
in diameter was 200 mm in length with an outer diameter of 18 mm and inner 
diameter of 11.8 mm.  The pressure vessel and the end fittings were manufactured 
from cold-worked stainless steel type 316L. The entire length of the pressure housing 
was 280 mm after assembling
1
. The pressure vessel was mounted onto a pair of 
custom made clamping plates, which were bolted onto a rectangular base of 10 mm in 
thickness that was attached onto the rocking plate (Figure 4.4). An externally applied 
magnetic field (two pairs of rectangular NdFeB magnets, each 50.8mm in length) was 
orientated in a direction perpendicular to the length of the wire. The pairs of magnets 
were placed on opposite ends of the pressure vessel and were connected together by 
C-shaped yoke to complete the magnetic circuit. The yoke was held onto the 
rectangular base between the two clamping plates by a separate clamp. The magnets 
were located symmetrically along the wire so as to suppress higher harmonics. The 
pressure vessel was rotated in order to align the vibrating wire within the magnetic 
field as to excite the highest frequency orthogonal mode of the oscillation
2
.  
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4.4  Electrical Connection  
 
The vibrating wire sensor was electrically connected to the measuring circuit via two 
pairs of 7 strands 28 AWG silver plated copper wire with PTFE insulation contacting 
the opposing metal ends of the sensor. The PTFE insulation of the wires was stripped 
from the ends and the pairs were soldered onto the solder tag and were firmly pressed 
onto the metallic ends of the vibrating sensor using screws. All electrical connections 
were passed to the outside of the pressure vessel using a special high pressure 4-pin 
feedthrough used in oilfiled applications (Greene Tweed 5672-4592-002). The 
electrical feedthrough measured 23.75 mm in length and 6.3 mm in diameter was 
rated for pressures up to 172 MPa and temperatures up to 477 K. The feedthrough was 
housed inside a custom designed housing unit and the pressure seal between the two 
parts were obtained by a pair of o-rings (FKM, 95 DURO) on the electrical 
feedthrough.        
 
4.5  Wire Excitation and Signal Detection 
 
The vibrating wire could be set into oscillation by placing it into the magnetic field 
and passing a sinusoidal current through it. In this way, a Lorentzian force of 
alternating direction acted on the wire and set it into forced oscillation. The motion of 
the vibrating wire within the magnetic field induced a voltage according to Faraday‟s 
law. The detection of this voltage was achieved using a lock-in amplifier (Stanford 
Research Systems SR380 DSP) that could measure small ac signals by utilising a 
technique called phase sensitive detection (PSD).  Internally the input signal was 
amplified and then mixed with the lock-in reference, demodulated and filtered to 
produce a dc signal proportional to the measured signal amplitude. This technique 
gives very narrow bandwidth and hence high amplification of small signals is possible 
while ignoring signals at other frequencies.  
The lock-in amplifier was also able to provide a constant amplitude sinusoidal drive 
voltage. The constant voltage was converted to a constant current by using a 1 kΩ 
fixed resistor (Rs) in series with the vibrating wire which has a resistance of less than 
1 Ω. The signal across the wire was amplified then output to a display unit and can be 
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read across a GPIB interface by computer. All connections from the lock-in amplifier 
were shielded to minimise electrical interference from other sources 
 
 
Figure 4.2: Signal detection for the vibrating wire 
 
4.6  Signal Processing 
 
The resonance curve sampled by the lock-in amplifier must be fitted to the working 
equations described in section 3.2. The experimental resonance curve contains the 
voltage contribution from the wire motion and electrical contribution from the wire, 
expressed in the following equation: 
                                                                             
Here V is the complex voltage developed across the wire,   is the voltage induced by 
the wire motion  
   
   
  
                     
                                              
 
here f is the frequency,    is the resonance frequency in vacuum, is the amplitude of 
vibration, and    is the dimensionless coefficient of internal dumping of the wire. 
and   is the voltage arising by virtue of passing a current through the impedance of 
the wire, the latter was assumed to be of the form 
                                                                         
GPIB 
 
PSD 
 
OUT 
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here coefficients a, b and c account for the electrical impedance of the wire and 
absorb the offsets in the lock-in amplifier to ensure that the voltage signal is detected 
in the most sensitive range.  
 
To fit the experimental and theoretical resonance curves, equation (4.2), in the case of 
a wire clamped at both ends and immersed in a fluid of known density, six parameters 
need to be adjusted: the fluid viscosity η, wire amplitude Λ, vacuum resonance 
frequency f0, and background contributions a, b and c. Because of the highly non-
linear nature of the problem, good initial estimates are essential in order to converge 
on the correct solution. Starting values for the convergence procedure were obtained 
by firstly fitting the experimental resonance curve to a Lorentzian function with 
constant background and assuming c = 0: 
 
   
   
     
 
    
                                                      
where f is typically found to within ±0.1 Hz, the minimum step size in the lock-in 
amplifier.  
 
To estimate the fluid viscosity and resonance frequency in vacuum for known density, 
the following approximations relating the values of resonance frequency and 
bandwidth of the signal obtained as shown above were used
3 
  
    
  
 
(
  
  
)
 
(  
  
 
)
 
                                                  
  
          
                                                              
here   was calculated from the known ρ and estimated η. The amplitude must also  be 
re-calculated as the simplified Lorenztian function has a very different form to the 
exact working equation: 
  [        ]   
                                                           
 
The fitting procedure used was a Chi-squared minimisation technique and improved 
upon by the Marquardt method to speed up convergence, described in detail by 
Bevington
4
. A similar procedure is given by Mehl
5
 for a resonance problem involving 
complex numbers. 
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Typical results of this fitting procedure are shown in figure 4.7 for a resonance signal 
obtained with toluene at 298 K and 0.1 MPa. 
 
Figure 4.3
6
: Signal obtained in Dodecane at 298.15 K and 1 MPa:  in-phase voltage 
up,  quadrature voltage up,  in-phase voltage down,  quadrature voltage down, 
▬▬ fitted in-phase voltage, ▬▬ fitted quadrature voltage. 
 
4.7  U-Tube Densimeter 
 
The vibrating wire viscometer used in this work (vibrating wire clamped at both ends) 
required an independent density value to determine the viscosity of a given fluid. An 
externally Anton-Paar measuring cell DMA HPM was used to measure the density of 
fluids, which was connected to an mPDS 2000V3 evaluation unit to read out the 
measurement data (period of vibration). The measuring cell could determine the 
density of fluids at measuring range from 0 to 3000 kg.m
-3
, pressures up to 140 MPa 
and temperature from 263.15 to 474.15 K with an uncertainty as small as 0.1 kg.m
-3
. 
The measuring cell was constructed from Hastelloy C-276 and required very little 
amount of fluid (2ml) to determine its density. 
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4.8  Experimental Setup Picture 
Figures 4.4 and 4.5 shows the experimental set up described in the previous sections: 
1 = Pressure vessel containing vibrating wire sensor, 2 = vibrating tube densimeter 
(VTD), 3 = base plate, 4 = magnets, 5 = 10 mm rectangular base, SP = Syringe Pump, 
VWV= Vibrating Wire Viscometer, EC = Environmental Chamber, E = Electronics, 
▬▬ = Wire, ▬▬ = Tube 
 
 
Figure 4.4: Experimental Set-up 
 
 
 
 
 
 
 
 
 
                                                         
       Figure 4.5: Integrated pressure and temperature control into electronic setup 
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Experimental Methodology 
 
5.1  Introduction 
 
This chapter describes the experimental procedures to achieve accurate and 
reproducible results using the apparatus described in chapter 4. The calibration of the 
vibrating wire, u-tube densimeter, the temperature sensors and the pressure transducer 
are described in detail in this chapter.  
 
5.2  Sampling 
 
5.2.1  Range 
A frequency range of four band-widths has been used in combination with a variable 
interval between the frequencies sampled (giving a concentration of points around 
resonance). The equations for determining the frequencies sampled are given by
1
,  
       
  
 
                                                                  
        
  
 
 [         |     |   ]                                       
where fr is the resonance frequency, fb is the bandwidth and n is the number of 
bandwidths to scan. To prevent the step size tending to zero, a value of 1.01 has been 
used in equation (5.2) to maintain a minimum step size near resonance. The 
concentration of points around resonance weights the fitting routine towards the 
resonance part of the signal, rather than the background, and helps obtain an improved 
signal-to-noise ratio by focusing on the region where dY / dX is greatest. By applying 
sampling configuration proposed by Caudwell
2
, optimum results have been produced 
in terms of the sampling time and quality of data. The frequency range expressed in 
terms of the bandwidth of the signal was fixed at 4 for pure hydrocarbons and their 
mixtures. However for crude oil experiments, the bandwidth of the signal was reduced 
from 4 to 2 due to the high viscous nature of the fluid, which exhibited bandwidth 
values of several hundred hertz. Following the work of Ciotta
3
, the reduction in 
bandwidth from 4 to 2 made no significant difference to the results.  
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To allow the lock-in amplifier and vibrating wire to come to a steady state following 
each step in frequency, a wait time between points was necessary. This was set to 
fifteen times the filter time constant of the measuring instrument (set to 30 ms for 
fluids and 1 s for vacuum measurements).  To help ensure the accuracy of the 
measured voltage, each sampling cycle scanned the frequency range in both an 
increasing and decreasing direction, therefore averaging out the effect of slow drifts in 
temperature or pressure. The typical measurement time was around 30s in fluid and 
ten minutes in vacuum.   
 
5.3  Drive Voltage  
As described in the previous chapter, the lock-in amplifier was used to drive and 
detect the signal, provided a constant voltage source which was converted to a 
constant current source by using a 1 kΩ resistor in series with the vibrating wire. By 
changing the current in the series, it was possible to increase or decrease the 
oscillation of amplitude. A low driving voltage leads to low oscillation amplitude and 
hence to a low signal/noise ratio leading to signal detection difficulties. The objective 
was to maintain a high signal/noise ratio without introducing a significant error to the 
viscosity measurement. The importance of the driving voltage on the measured value 
of viscosity has been discussed in detail by Vogel et al
4
 for gases and by Caudwell et 
al
1
 for liquids. The results obtained by Caudwell for liquid toluene showed that the 
error becomes significant when Re > 1 and hence the driving voltage should be 
maintained below this level, determined to be 1 V. The amplitude of the induced 
voltage at resonance was maintained between 50-150 μ V. 
 
Figure 5.1: Measurement circuit and wiring connection 
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5.4  Calibration 
5.4.1  Vibrating Wire Viscometer 
 
The working equation (3.50) contains three quantities that are characteristics of the 
instrument and independent of the surrounding fluid. These are Δo, R and ρs. The 
determination of these parameters allows the measurement of the viscosity for a fluid 
of known density at any temperature and pressure through the resonance curve.  
The Δo, logarithmic decrement in vacuo could be determined by sampling the voltage 
across the vibrating wire in vacuo. However it is difficult to obtain a good vacuum 
within the operating system, so the Δo was inferred from a measurement in air using 
following expression
3
 
   (  
  
 
 
  )                                                              
  
 
 is the logarithmic decrement in air and   is for ambient air. The viscosity and 
density values of air were obtained from Kaye and Laby
5
. 
 
Regarding the radius and the density of the wire, a close look at the working equations 
reveals that these two variables are highly coupled which means that only the radius 
of the wire needs to be calibrated. The calibration is normally carried out at a single 
point of temperature and pressure in a fluid of known density and viscosity. For wire 
diameter (150 μm), n-dodecane was selected as a reference calibration fluid and the 
density and viscosity values were obtained from NIST Standard Reference Database
1
 
as follows: ρ = 745.9 kg·m-3 and η = 1.36 mPa.s at T = 298.15 K and p = 1 MPa. 
 
Table 5.1 : Wire Characteristics 
Parameters Nominal Radius (75 μm) Sources 
R / μm 74.853 calibration 
L / mm 50 ± 0.01 design 
ρs / kg.m
-3
 19300 literature 
Δ0 / 10
-6
 55 calibration 
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5.4.2  U-tube Densimeter 
 
As explained in chapter 4, an Anton-Paar DMA HPM u-tube densimeter was used to 
determine the density of a fluid at given condition of temperature and pressure. The 
densimeter was calibrated using the method developed by Lagourette et al
6
 and later 
modified by Comunas et al
7
. Taking into account the Lagourette et al hypothesis, the 
relationship between the density ρ and the period of vibration τ can be expressed by 
following equation (5.4),  
 
                                                                                                                     
Where A(T) and B(T, p) are two characteristics parameters of the apparatus, which can 
be determined by the calibration process at each temperature T and pressure p.  
The following equations (5.5-5.7) were used to determine the parameters A(T) and 
B(T, p)  at each temperature and pressure, i.e. temperature up to 175
 o
C and pressure 
up to 1350 bar. 
 
      
               
                            
                                
 and 
                                                                                             
Thus  
        
               
                              
                                      
                               
where the subscript “ref” denotes a fluid with a well-known density over the 
temperature range and at 1MPa bar pressure. Different reference fluids such as water, 
vacuum and hydrocarbons (calibration fluids) such as octane, dodecane have been 
proposed by Segovia et al
8
 for the calibration of the u-tube densimeter. However in 
this work, degassed and deionised water (calibration fluid), having an electrical 
conductivity < 15 μS·cm-1, at T = 294.96 K and p = 1.02 MPa and vacuum were 
selected for the calibration procedure, as the thermophysical properties (η, ρ) of water 
have been determined across the wide range of temperatures and pressures with high 
precision. The density values for water at different temperatures (298.15 to 448.15) K 
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and pressures (up to 135 MPa) were obtained from the equation of state of Wagner 
and Pruss
9
.  
After the calibration of the u-tube densimeter at temperatures up to 448.15 K and 
pressures up to 135 MPa, the parameters A and B used in equation (5.5-5.7) were 
expressed using polynomial equations. The coefficients of polynomial equations (5.8-
5.9) were determined by non-linear regression analysis and are presented in table 5.2, 
   ∑       
 
 
   
                                                                   
   ∑∑         
 
 
   
 
   
(          )
 
                                         
Table 5.2 : Coefficients of Equations (5.8-5.9) 
Coefficient A Coefficient B 
a0 0.002439 b0,0 16066.23 b0,1 0.008147 b0,2 7.19050 × 10
-7
 
a1 -6.12597 × 10
-7
 b1,0 0.095297 b1,1 2.41441 × 10
-5
 b1,2 -2.89730 × 10
-9
 
a2 -6.66061 × 10
-10
 b2,0 -0.003591 b2,1 4.62726 × 10
-7
 b2,2 -3.33606 × 10
-10
 
    b3,0 -1.30214 × 10
-6
 b3,1 -3.38675 × 10
-9
 b3,2 2.04632 × 10
-12
 
 
5.5  Temperature Control and Sensors 
 
The temperature of the experimental apparatus (vibrating wire viscometer and u-tube 
densimeter) was controlled using a Tenney environmental test chamber (model 
ETCU-09S2.5CY). Two platinum resistance thermometers (PRTs) were used to 
measure the temperature inside the chamber. One was inserted in a pocket drilled on 
the vibrating wire sensor housing and other in a pocket inside the u-tube densimeter. 
The temperature in this arrangement was maintained to within ±0.2 K over a time 
period of at least a few days. The resistance of each thermometer was calibrated 
against a 25 Ω standard PRT (Tinsley B249) at 6 temperatures covering the range 
(233 to 473) K. The relationship between the temperature of the standard and the 
resistance of the PRTs is accurately modelled using the Callendar-van Dusen 
equation
2
: 
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where         is the ratio of the thermometer resistance at temperature T and 
       are calibration coefficients. The values of the constants in equation (5.10) for 
the thermometers used in this work are given in table 5.3: 
Table 5.3 : Thermometer calibration coefficients in equation (5.10) 
PRT no Type R0/ Ω α δ 
1 Standard 100.0653 3.851 × 10
-3
 1.4928 
2 Standard 99.944 3.851 × 10
-3
 1.5310 
 
Temperature stability and uniformity were within ± 0.02 K over the period of time 
required to make a measurement at a single temperature and pressure. The long-term 
stability was less good with variation of ± 0.15 K observed over a period of three 
days. The estimated expanded uncertainty of the temperature was 0.05 K with a 
coverage factor k = 2. 
 
The entire fluid feed line was maintained at high temperatures to ensure smooth flow 
of viscous fluids into the experimental apparatus. Valves v1, v2, v3 and pressure 
transduce p1 and Quizix syringe pump (figure 5.2) were heated using Kapton-
insulated low-voltage heaters (5 to 15 W) and were covered with 10mm thick foam 
insulation. The temperature was maintained at 323.15K and was controlled by means 
of an 8-channel PID controller with K-type thermocouples which regulated the 
temperature on each component. The outlet 1/16" tube from valve v3 into the 
environmental chamber was heated using 10 Ω.m-1 heating cable and was covered 
with 15 mm silicon-rubber foam sleeve. The PID controller was not used but a 
voltage from its power supply was used to heat the 1/16" tube and its maximum 
temperature did not exceed 373.13 K. The feed inlet tube including the filter into 
valve v1 was also heated using 10 Ω.m-1 heating cable and its temperature was read 
using K-type thermocouples and the temperature was adjusted by regulating the 
power output of a two channel power supplier (TT TSX3510P Dual 35 V 10A PSU) 
and was maintained at 323.15K. 
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5.6  Pressure Control 
 
System pressure within experimental apparatus was controlled using a precision 
syringe pump (Quizix model C-5000-20K-HC-AT). The pressure within the system 
was measured using a Paroscientific quartz crystal transducer model number 420KR-
HHT-101-CE and displayed on a Paroscientific display (model 735) that was 
interfaced to the computer.  The pressure transducer had a pressure range from (0 to 
140) MPa and was rated to a maximum temperature of 450 K. The expanded 
uncertainty of pressure was ±0.03 MPa with a coverage factor k = 2.The pressure was 
given by the following equations with calibration coefficients, as supplied by the 
manufacturer, shown in table:   
       (  
  
 
  
) *   (  
  
 
  
)+⁄                                             
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where X is the temperature period of the transducer, and   and  0 the pressure periods 
in a fluid and in vacuum respectively, all in microseconds. 
Table 5.4 : Pressure transducer calibration coefficients 
i Ci Di  i Ui 
0 
   
5.870368 
1 -131520 0.024196 30.3332 
 
2 -8258.13 0 1.159893 
 
3 426258 
 
76.53761 
 
4 
  
440.7921 
 
5 
  
2358.608 
 
 
Due to the failure of Paroscientific transducer part-way through the project, this 
device was not used to read the system pressure for all the measurements carried out 
in this work. In later work, the pressure transduce attached with the Quizix syringe 
pump was used to read the pressure. The earlier recordings showed a very small 
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difference of (0.2 to 1.0) % between the two pressure transducers readings, acceptable 
difference of up to 1% at low pressures and 0.2% at high pressures.   
 
5.7  Experimental Procedure  
 
The experimental set-up for measurement of the viscosity and density can be 
represented by following diagram 5.3. The experimental procedure for single phase 
fluids can be represented by following diagram 5.3.        
 
 
 
Figure 5.2: Schematic diagram of experimental apparatus, V1 and V2 = pneumatic 
valves, V3 and 4 = needle valves, P1 and P2 = pressure transducers, T1 and T2 = 
platinum resistance thermometers, VWV = vibrating wire viscometer, VTD = 
vibrating tube densimeter, SP= Quizix syringe pump, F= Filter. 
The following steps were taken in order to carry out the density and viscosity 
measurements at different temperatures and pressures. 
 The sample fluid was connected to the inlet of valve V1. The piston of syringe 
pump was retracted to fill the pump cylinder with sample fluid (5 ml) by 
opening V1 and closing V2. 
 After the liquid was drawn into the pump cylinder, the fluid was then pushed 
into the system by extending the syringe pump piston. This was carried out by 
opening valve V2 and closing valve V1. 
 The whole process of retraction and extension of syringe piston was repeated 
until the system was filled with the sample fluid. 
 The syringe pump was also used to raise and maintain the system pressure to 
the desired pressure value. 
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 The temperature of the system was regulated using a temperature-controlled 
cabinet and it was ensured that system temperature has reached the desires 
value before measuring the viscosity and the density of fluid at different 
pressures. 
 The viscosity and the density values were obtained at desired pressure by the 
vibrating wire viscometer and the vibrating u- tube densimeter respectively. 
 Once the viscosity and density values are obtained at one desired temperature, 
the temperature of the system was then changed to different temperature value. 
 Valve V4 was closed throughout the process and normally opened during the 
cleaning of the system. 
 Due to the high viscosity of both crude oil samples at room temperature, the 
crude oil samples were pre-heated on a hotplate to reduce their viscosity, 
which made it possible to pump the samples into the system. The fluid feed 
line into the temperature controlled cabinet was also heated to ensure smooth 
flow of fluid into the experimental apparatus.  
5.8  Cleaning 
 
The experimental system was cleaned after every set of measurements on a sample. 
For fluids, valves v1, v2, v3 and v4 were opened and pressurised nitrogen was passed 
through the system to push the fluid out. For pure fluids and the hydrocarbon 
mixtures, the experimental apparatus was thoroughly cleaned with a low volatile 
solvent such as n-hexane. Multiple charges of solvents n-hexane and n-toluene were 
used to clean the system between crude oil experiments. The vacuum pump (BOC 
Edwards-XDS1) was connected to the valve V3 and the system was then evacuated at 
temperatures 373.15 K and 398.15 K for pure fluids and crude oil overnight to ensure 
that it was clean and dry for the next set of measurements. 
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5.9  Uncertainty Analysis 
 
The measurement techniques for the viscosity and the density of fluids used in this 
work are subject to various possible sources of error. Most of these errors can be 
eliminated or minimized by appropriate instrument design and/or procedure, while 
others cannot and will lead to systematic deviation on the viscosity and density 
measured. The density and viscosity of fluids can be measured with minimum 
possible sources of error by using a number of following techniques
1
, 
 Appropriate instrument design 
 Avoiding cross contamination of fluids 
 Steady state conditions 
 Accurate instrument calibration 
The deviation of the instrument design from the stated theory can produce 
considerable systematic error. The main sources are boundary effects and wire over 
excitation. By making the radius of the container (ceramic flow tube) 80 times larger 
than that of the wire the systematic error in neglecting the outer boundary condition is 
of the order 0.05 % in viscosity
10-11
.  
Without the use of lock-in amplifier, background noise could lead to significant error 
in the viscosity measurement. The measured resonance signal from the vibrating wire 
was of maximum amplitude of order of 100 μV on top of a 300 μV electrical 
background. The amplification for its accurate detection was therefore achieved using 
lock-in amplifier. The background noise was also minimised by scanning the selected 
frequency width twice, from start to finish and back. As a result two set of data were 
recorded and their average was used to carry out the fit, reducing the noise effect
2
. 
 A four wire setup was used with two wires dedicated to driving the sensors and 
remaining two wires to sense the induced voltage. The drive and sensing wires as well 
as those of the PRTs were electronically shielded and their length reduced to a 
minimum.  
A comprehensive cleaning of the experimental apparatus was carried out to avoid 
cross contamination between samples. For each isotherm, the measurement was 
repeated at each point coming down in pressure. Errors in viscosity and density were 
typically less than ± 0.5 % and ± 0.1 % respectively. If errors in excess of ±1 % in 
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viscosity were observed, the sample was discarded and experiment was repeated with 
a fresh sample
3
.  
Provided the vibrating wire device was assembled successfully according to the 
procedures outlined in chapter 4, it has shown very good reliability. A single wire of 
150 μm size was used to carry out all the measurements in this work. The vibrating 
wire device also showed good repeatability with a variety of fluids. The viscosity is 
repeatable to within ± 0.5 % at any given point. The u-tube densimeter also showed 
excellent density repeatability to within ± 0.1 %. The calibrated uncertainty in the 
pressure and temperature measurement combined contributes to an uncertainty in the 
viscosity of ±0.03 %. 
The accuracy of density measurements using u-tube densimeter strongly depends on 
the calibration procedure (determination of parameters A and B). Normally two 
calibration fluids of well-known density are used for the calibration procedure. In this 
work one calibration fluid (deionised water) and vacuum were selected as the density 
of the water is known with higher precision (uncertainty is lower than 0.03 kg.m
-3
 up 
to 100 MPa)
12
.  
The estimated uncertainty in viscosity is obtained by a combination of the above 
reproducibility, the calibration procedure and the temperature control mode was 
estimated to be ± 2 % in viscosity and ± 0.2 % in density. The estimation in the 
viscosity and density does not include errors arising from impurities in the sample or 
unexpected sample contamination.  
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Viscosity Modelling 
 
6.1  Introduction   
 
As discussed earlier, the aim of this project was to provide accurate and wide-ranging 
set of experimental data to calibrate and validate models (especially the Dymond-
Assael theory of hard-sphere model) for the correlation of pure fluids and prediction 
of complex hydrocarbon mixtures, in particular crude oil mixtures at reservoir 
conditions. Different methods are available in the literature for the correlation and 
prediction of viscosity for pure components and mixtures
1
. 
The viscosity of a fluid can be related to molecular motion and the intermolecular 
forces acting on the molecules. In the dilute gas region, the momentum is mainly 
transferred by the translation of the molecules with few collisions. In dense gases and 
liquids, the momentum is transferred by collisions, as molecules are close to each 
other. Due to the short distance between molecules in the liquid state, the prediction 
models for liquids are more complex than for gases
2
. 
 
 6.2  Kinetic Theory 
 
The aim of the theory is to relate the macroscopic (observable) properties of the 
system to microscopic properties of individual molecules and the interactions between 
the molecules
3
. The transport properties, such as viscosity (η) of the fluids in terms of 
temperature and density can be expressed by equation 6.1. 
               Δ         Δ                                                  
where   is the viscosity,    is the dilute gas viscosity, Δ  the excess viscosity and 
Δ   the viscosity critical enhancement. Equation 6.1 can also be written in the 
following form
4 
         ̅       Δ                                                
highlighting   ̅              Δ        as the background or the regular viscosity 
value. 
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6.3   Dilute Gas 
 
The kinetic theory of dilute gases assumes that at low density, the molecules move 
relatively freely and only binary interactions take place between them. The dilute gas 
theory has been developed on the assumption that the gas molecules can be 
considered as identical hard spheres that are in continuous random motion and exert 
no force on each other except upon contact. The dilute gas viscosity can be 
represented as 
   
 
  
(√     ) 
  
   
                                                         
The molecular velocities are distributed according to the Maxwell-Boltzmann law for 
the gas can be represented as follow
3-4
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By applying a rigorous approach from Chapman and Enskog using Boltzmann 
transport equation, the following equation for the viscosity of real molecules 
interacting at long and short-range is obtained 
   
 
  
(
    
 
)
   
 
  
      
                                                         
where T is the temperature,    the Boltzmann constant, m the molecular mass,  the 
rigid sphere diameter,      the collision integral contains the effects of deviations 
from hard sphere model of real molecules and    is higher order correction factor 
whose value is near unity. 
As it can be concluded from above equations that dilute gas viscosity is a function of 
temperature and is independent of density; hence the dilute gas viscosity is defined as 
the viscosity at zero density 
 
 6.4  Dense Fluids 
 
The main difference between a dilute gas and a dense fluid is the way in which the 
momentum is transferred between molecules.. In a dense gas the transport of 
momentum normally occurs over nonzero distance on collision. The same is true for 
energy transport (thermal conductivity) 
5
. In addition, the collision rate increases more 
rapidly at high densities as the mean distance between the molecules is significantly. 
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Hayes
6
 demonstrated that at low pressures, the viscosity of argon increases with 
temperature, as a result of purely kinetic effects and at high pressures, the collision 
between the molecules become predominant. The kinetic theory for dense fluids can 
be represented by the following expression
4
 
               
       
     
 [           
         
       ]                            
where                  
 
            
 
 
  
 
However the above expression requires the coefficients of logarithmic terms and also 
the nature of the higher density terms. For moderate dense gases, the above linear 
equation can be sufficient and the virial form of the density expansion can be 
truncated after the linear term in density. The deviation from the dilute-gas    
behaviour can be presented by the second transport coefficient Bx                 
    
    
    
                     [  ]                                   
Coefficient   can be determined from the Rainwater and Friends theory
7-8
, which 
describes the gas as made up of monomers and dimers with interactions between them  
such that    can be summarised by equation 6.8: 
     
〈 〉    
〈 〉    
〈  〉                                                  
The Boltzmann equation is not appropriate for dense gas and liquid regions as it is 
based on binary interactions between molecules. One of the first theoretical attempts 
to describe the density dependence for liquids was by Enskog, which considered 
molecules to be hard spheres and proposed modifications to Boltzmann theory taking 
into account of the molecular size. Enskog obtained following expression for the 
viscosity of dense system
4
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+                                
where    is the Enskog value for viscosity,      the radial distribution function at 
contact
9
 for spheres of diameters σ and        
    is the van der Waals co 
volume. It is assumed here that a dense hard sphere system behaves exactly like a low 
density system except that the collision rate is higher than expected. This arises 
because the distance which two spheres travel between collisions is significantly 
reduced because of their non-zero diameters. In dilute system the diameter of the 
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molecule is negligible compared with the interparticle distance. The increase in 
collision rate can be calculated from the fact that the pressure, which is proportional 
to the rate of momentum transfer and hence to the collision rate, is also proportional 
to the radial distribution at contact, 
  
  
   
     
  
                                                       
where     is unity at low density.  
 
 6.5  Dense Fluid Mixtures 
 
There are different semi-theoretical models that are used for the prediction of dense 
fluid mixtures and have been described in detail (such as RVW Method, Free-Volume 
theory, Excess hard sphere scheme etc) 
2,5
. In this section the hard-sphere model of 
Dymond and Assael theory is discussed due to its excellent correlation results to the 
experimental data for pure fluids and also good prediction of hydrocarbon mixtures by 
applying simple linear mixing rules. The hard sphere viscosity model has been 
developed by Dymond and Assael for the correlation and prediction of viscosity, 
diffusion and thermal conductivity over wide range of temperature and pressure
10
.   
 
The molecules in the dense fluids can be treated as having hard core repulsive 
interaction energy and weak long range attractive interaction energy
11
. The hard 
sphere model has a starting point from Enskog theory and takes account of molecular 
dynamic simulation results for correlated molecular motion. In a dense fluid, a 
physical realistic van der Walls description is equivalent to the hard sphere model for 
transport properties. The coefficients of the viscosity η are given by Enskog theory 4, 
12
 are given in equation 6.9.  
 
Alder et al
13
 calculated the correction factor for Enskog theory for the coefficients 
viscosity, diffusion and thermal conductivity and showed that corrections were 
functions of the ratio of (      , where    is the molar volume for close packed 
spheres (      
  √     
Dymond and Assael proposed that the dimensionless viscosity can be expressed by 
following equation, 
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   (
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)
   
                                                                      
and substituting the dilute gas viscosity and V0, we obtain 
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It can be noticed that    is function of   (      only so the equation can be written 
as 
   (
 
  
)
  
(
  
  
) (
  
  
)
   
                                                        
where     ⁄     is the computed correction from molecular dynamics simulation 
13 
and      ⁄   is determined from Enskog theory (equation 6.8).   
 
It was argued that    should be a universal function of reduced volume      ⁄   for a 
set of fluids. This was shown to be true for sets of gases such as argon, krypton, neon 
and xenon in the liquid and supercritical states leading to the formation of a universal 
curve, which can be represented by the following equation 6.13,  
      ∑   
 
   
(
 
  
)
 
                                                                   
The coefficients of    are represented in table 6.1 
The determination of    for a given fluid is accomplished by curve fitting. In 
particular the plot of        
 
   
  versus             from experiment is 
superimposed on the theoretical plot of      ( 
 
   
)                ⁄      
The universal curve was initially developed for the monatomic liquids and later 
applied to non-spherical molecules by introducing a correction term to consider the 
“roughness” of the molecules (ability to transfer rotational as well as translational 
momentum on collision
14
). At high densities, the hard sphere system becomes 
metastable but real fluids show the high values of   . Such molecules are generally 
non-spherical and exhibit roughness. It was also shown that at high densities, the 
rough hard sphere coefficient is proportional to the smooth hard sphere coefficient.  
                                                                                    
So the final expression for the reduced viscosity and the universal curve containing 
the roughness factor term    are represented by following the equations,  
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where    is temperature–independent roughness factor. The molar volume    is a 
function of temperature only decreasing with increase in temperature. It can be 
calculated from atmospheric pressure conditions and can then be employed to predict 
the high pressure viscosity values. It can be correlated using the following polynomial 
equation 6.18. 
     
        ⁄   ∑     ⁄  
                                                        
 
   
 
The original scheme proposed by Dymond-Assael et al has been used to correlate and 
predict the viscosity of n-alkanes (linear), alcohols, refrigerants and aromatic 
hydrocarbons. The total uncertainty for viscosity prediction has been suggested to be 
with ± 5%. However, one should bear in mind that for the high density region, 1% 
deviation in density can result in up to 15 % deviation in viscosity. The range of 
validity for the original scheme is between (1.5 ≤ Vm / V0 ≤ 5).   
Recently Ciotta
5
 extended the Dymond-Assael
15
 Scheme for the high density region 
(1.2 ≤   /  ) and proposed a new set of parameters (Table 1) for the universal curve. 
The new universal curve provided the good correlation and prediction of the 
hydrocarbons even in the high density region. Figure 6.1 illustrates the difference 
between using Dymond and Ciotta correlations for heptamethylnonane (HMN). 
 
Figure 6.1: HMN Correlation by Dymond-Assael model using universal curve 
parameters from: ♦ ; Dymond , ■ ; Ciotta 
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As explained earlier, the validity range of the scheme proposed by Dymond was 
between (1.5 ≤ Vm / V0 ≤ 5) and not surprisingly, the extrapolation of the DA hard 
sphere model lead to higher uncertainty and for HMN, deviations of -30 % to +20 % 
were observed. The extension of the scheme to the higher dense region by Ciotta 
provided excellent results for heptamethylnonane within ± 6%.  
Parameters for the universal curve proposed by Dymond and by Ciotta can be 
summarised in table 6.1 
Table 6.1: Parameters for Universal Curves  
i 
 
aη,i (Dymond) 
 
aη,i (Ciotta) 
0 
 
1.095 
 
0.0 
1 
 
-9.263 
 
5.143 
2 
 
71.039 
 
-35.588 
3 
 
-301.901 
 
192.050 
4 
 
797.690 
 
-573.372 
5 
 
-1221.977 
 
957.420 
6 
 
987.557 
 
-833.368 
7 
 
-319.464 
 
299.409 
 
The graphical comparison between the two universal curves is shown in figure 6.2,  
 
Figure 6.2 : Representation of Universal Curves (  ; Dymond et al,     ;  Ciotta et 
al). 
The hard-sphere model based on the Dymond-Assael theory can be used for the 
correlation of pure hydrocarbons. For the prediction of individual hydrocarbons, 
Dymond and Assael have proposed equations for molar volume V0 as a function of 
temperature and carbon number (Cn) and temperature independent roughness factor 
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   as a function of carbon number. The DA hard sphere model can also be used for 
the prediction of hydrocarbon mixtures by applying simple linear mixing rules. 
 
       ∑       
 
      ,         ∑       
 
        ,       ∑       
 
                             
 
6.6  Improved correlation for molar core volume (V0) and 
roughness factor      
In this work, an improved prediction correlation (C1-C18) has been developed using 
more accurate viscosity and density data for linear n-alkanes. The parameters for the 
universal curve by Ciotta were used in this work. For molar volume V0 the resulting 
equation (6.20) is a function of temperature and carbon number only and while that 
for roughness factor    (equation 6.21) is a function of carbon number only.  
The following hydrocarbon data, summarised in table 6.2 were used for V0 and    
correlating equations.  
 
Table 6.2 :  List of hydrocarbons used for V0 and    
  Components  Tmin / K       Tmax / K p / MPa Reference 
i methane 123.15 198.15 ≤ 30 Vogel et al16 
ii n-ethane 148.15 298.15 ≤ 60 Hendl et al17 
iii n-propane 148.15 348.15 ≤ 90 Vogel et al18 
iv n-butane 148.15 423.15 ≤ 65 Vogel et al19 
v n-pentane 273.15 448.15 ≤ 130 Span, R20 
vi n-hexane 273.15 473.15 ≤ 90 Span, R20 
vii n-heptane 273.15 473.15 ≤ 100 Span, R20 
viii n-octane 273.15 473.15 ≤ 100 Caudwell et al21 
ix n-nonane 273.15 473.15 ≤ 180 Huber et al22 : Assael et al23 
x n-decane 273.15 473.15 ≤ 140 Caudwell et al21 
xi n-dodecane 298.15 473.15 ≤ 135 Caudwell et al24 
xii n-tridecane 293.15 353.15 ≤ 100 Dauge et al25 
xiii n-hexadecane 298.15 473.15 ≤ 100 Ciotta et al5 
xiv n-octadecane 323.15 473.15 ≤ 100 Caudwell et al24 
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The viscosities of n-alkanes, given in table 6.2 were initially correlated using an 
improved universal curve by Ciotta. by performing the least square regression 
analysis on the whole dataset. This resulted in following equation (6.20 and 6.21) for 
the molar volume V0 and for roughness factor   . 
 
10
6
 V0 (m
3
·mol
-1
)
 
=  
(12.7902+ 12.0681Cn + 0.2764 Cn
2
) – T (0.04809 -0.006069 Cn+ 0.001155 Cn
2
)                    
+ T 
2
 (0.000050415 -0.000009716 Cn + 0.00000112 Cn
2
)              (6.20) 
 
  = 1.19424 – 0.06490 Cn + 0.00694 Cn
2
                        (6.21) 
where  T = Absolute Temperature (K) ,  Cn = Carbon Number 
 
Equation 6.19 and 6.20 cover the whole range of linear hydrocarbon from C1-C18. 
In figure 6.3, the roughness factor    as function of carbon number is illustrated for 
both the current (equation 6.21) and the original scheme by Dymond. 
 
 
Figure 6.3 : Variation of roughness factor (    with carbon number (Cn);   , 
Dymond,     , This work, 
The variation in molar volume V0 as function of carbon number (Cn) and temperature 
is illustrated in figure 6.4 for the current correlation (equation 6.20)  
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Figure 6.4: Variation of V0 with carbon number (Cn) and absolute temperature (T) 
 
The equations (6.20 and 6.21) for V0 and    were then used to predict the viscosity of 
hydrocarbons (C1-C18, data used to determine the equations (6.20 and 6.21)). For the 
DA hard-sphere model it is indeed prediction but for this scheme it is correlation. The 
comparison with Dymond scheme can be summarised in following table 6.3 
 Table 6.3 :  Prediction of hydrocarbon from Eq (6.20 and 6.21) and Dymond-Assael  
  Dymond et al   This Work 
Carbon No AAD % MAD %   AAD % MAD % 
      
C1 1.9 5.7  3.6 9.1 
C2 2.7 7.5  5.8 11.9 
C3 1.7 4.1  4.2 6.8 
C4 4.6 14.0  1.6 8.3 
C5 7.9 17.6  3.7 8.1 
C6 5.7 13.8  1.5 5.6 
C7 6.2 12.7  3.5 7.9 
C8 7.3 10.9  2.9 5.9 
C9 4.7 8.6  2.1 4.6 
C10 4.2 9.6  1.7 2.6 
C12 3.9 9.5  2.7 6.6 
C13 3.1 10.6  3.8 8.8 
C16 4.0 13.6  3.0 5.2 
C18 5.1 11.2  4.0 10.7 
      
Average 4.5 17.6   3.0 11.9 
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It can be concluded from table 6.3 that the new equations 6.20 and 6.21 for molar 
volume V0 and roughness factor    provided a good correlation for the chosen set of 
hydrocarbons as a whole, although for some hydrocarbons (particularly the lighter 
ones C1-C3), the original scheme by Dymond-Assael provided better results. 
 
In order to test the validity of this new model in a purely predictive way, the viscosity 
for another set of hydrocarbon data (Table 6.4) was predicted by using equations 6.20 
and 6.21 and compared with the predictions of the original scheme by Dymond and 
Assael. The difference between two viscosity predictions between the two methods is 
summarised in Table 6.5. 
 
Table 6.4 :  List of hydrocarbons used for V0 and    
  Components  Tmin / K Tmax / K p / MPa Reference 
i n-pentane 318.15 413.15 ≤ 70 Kiran et al 26 
ii n-hexane 298.15 423.15 ≤ 70 Kiran et al 26 
iii n-heptane 298.15 448.15 ≤ 100 Mamedov 27 ; Vasiliev 28 
iv n-octane 198.15 448.15 ≤ 135 Peleties, F 29 
v n-nonane 303.15 463.15 ≤ 50 Carmicheal 30, Rastorguev 31 
vi n-decane 298.15 448.15 ≤ 140 Peleties, F 29 
vii n-undecane 293.15 403.15 ≤ 50 Annesini 32, Lsndavelt 33, Nazievet 34 
viii n-dodecane 298.15 448.15 ≤ 135 This Work 35 
ix n-tetradecane 303.15 423.15 ≤ 50 Rastorguev 31, Annesini 32, Vogel 36  
x n-pentadecane 303.15 458.15 ≤ 50 Vargaftik 37, Cutler 38, Keramidi 39 
xi n-hexadecane 298.15 373.15 ≤ 200 Dymond et al 40 
xii n-tetradecane 323.15 493.15 ≤ 50 Annesini 32, Doridon 41 
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Table 6.5 :  Prediction of hydrocarbon from eq (6.20 and 6.21) and Dymond-Assael  
  Dymond et al   This Work 
Carbon No AAD % MAD %   AAD % MAD % 
      
C5 10.7 19.5  4.7 10.8 
C6 4.5 11.5  1.4 4.4 
C7 5.2 16.2  3.7 10.5 
C8 4.3 7.4  3.3 12.7 
C9 3.0 5.0  1.6 6.5 
C10 4.4 9.6  2.7 7.7 
C11 3.5 6.4  1.6 4.3 
C12 3.9 9.5  2.7 6.6 
C14 4.0 10.0  1.4 6.2 
C15 2.9 7.5  4.1 7.1 
C16 4.0 6.9  2.1 8.1 
C17 3.0 7.4  2.3 6.9 
      
Average 4.8 19.5   3.0 12.7 
 
From table 6.5, it is clear that better overall prediction results were obtained using the 
universal curve obtained in this work than for the original scheme by Dymond, when 
applied to data not used in determining the new model. 
It can be concluded that improved prediction equations for molar core volume V0 and 
roughness factor    have been developed based on the parameters obtained by Ciotta. 
This provided excellent prediction results for different sets of hydrocarbon data 
ranging from methane to n-octadecane for a wide range of temperatures and pressures 
as illustrated in tables 6.3 and 6.5. 
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Hydrocarbons Viscosity Measurement and Prediction 
 
7.1  Introduction 
 
In this chapter I report experimental viscosity and density of pure hydrocarbon fluids 
and multicomponent mixtures measured using the vibrating wire viscometer and 
vibrating u-tube densimeter respectively. These thermophysical properties (η, ρ) were 
determined at temperatures ranging from (298.15 to 448.15) K and pressures up to 
135 MPa. The results for pure hydrocarbon fluids were fitted to viscosity and density 
correlation equations as outlined in section (7.3).  
The aim of this part of the study was to measure the high pressure-high temperature 
viscosities of a range of different hydrocarbons types, to combine these into mixtures 
and measure the high pressure-high temperature viscosities of a model crude oil. Their 
data were then used to test the ability of the Dymond-Assael (DA) hard-sphere model 
to correlate the viscosity of the pure fluids and also to predict the high temperature-
high pressure viscosities of the hydrocarbon mixtures (the model crude oil). 
 
7.2  List of Hydrocarbons 
 
In this section I will give the hydrocarbons selected to make a model mixture of a 
crude oil. The hydrocarbons have been selected by reference to the SARA analysis 
used to characterise the composition of crude oils as described previously in section 
(1.4.2). 
The viscosity and density of fluids were studied experimentally at temperatures up to 
448.15 K, so most of the hydrocarbons selected (except n-octane) are liquid at room 
temperature with a boiling point greater than the maximum temperature studied. Five 
pure substances were measured in this work, while for other hydrocarbons such as (n-
octane, n-hexadecane and diisodecyl phthalate), experimental data were obtained from 
Caudwell
1
, Ciotta
2
 and Peleties
3
. The polyaromatic hydrocarbon used as a model 
asphaltene (phenanthrene) is a solid below 372.15 K. This was mixed with other 
hydrocarbons at low concentration to see its effect on the viscosity and density of 
hydrocarbon mixtures. 
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The hydrocarbons studied in this work were sourced from Sigma-Aldrich and Fluka 
UK and supplied purities are listed in table 7.1. A list of hydrocarbons containing 
their melting, boiling points and structures is given in table 7.2. It consists of three 
linear alkanes of increasing molecular weight, one branched alkane, one bi-cyclic 
alkane, one alkylated aromatic, one heterocyclic, one polyaromatic and one 
oxygenated aromatic (ester). Phenanthrene was chosen as a model of “continental” 
type asphaltene molecule and DIDP which has a high viscosity in its own right, as an 
analogue of “archipelago” type asphaltenes, or of a heavy oil component. 
 
To assess the composition of the pure hydrocarbons, a gas chromatograph (GC) with 
flame ionisation detector (FID) was used to run the samples. A single FID unit was 
used with a 30m × 0.32 mm column, temperature programmed to ramp from 333.15 K 
to 473.15 K at 10 K·min
-1 
with a 15 ml·min
-1
 flow of helium. Both injector and 
detector were temperature controlled at 523.15 K and mass fraction purity w ≥ 99.6% 
was estimated for the hydrocarbons. 
 
Several common names and abbreviations have been used throughout this chapter for 
convenience. These are : HMN for n-2,2,4,4,6,8,8-heptamethylnonane, DIPB for 
1,4,diisopropyl benzene, 4BP for 4-benzyl pyridine, BCH for bicyclohexyl, DIDP for 
diisodecyl phthalate and PHE for phenanthrene. 
Table 7.1: Chemical used in this work  
Chemical  Purity (mass % stated by suppliers) Supplier 
n-octane 99.5 Fluka 
n-dodecane 99 Aldrich 
n-hexadecane 99 Aldrich 
HMN 98 Aldrich 
BCH 99 Aldrich 
DIPB 97 Aldrich 
4BP 98 Aldrich 
DIDP 98 Aldrich 
PHE 99 Fluka 
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Table 7.2 : List of hydrocarbons along with their structures, melting and boiling points 
No Hydrocarbons         Abbreviation Formula m.p (oC) b.p (oC) Structure   
1 n-octane C8H18 -57 125-127 
 
 
2 n-dodecane C12H26 -12 215-217 
 
 
3 n-hexadecane C16H34 18 
287 
   
4 
2,2,4,4,6,8,8-heptamethylnonane 
(HMN) 
C16H34 
 
240 
 
 
5 bicyclohexyl (BCH) C12H22 3 - 4 263 
 
 
6 1,4,diisopropyl Benzene (DIPB)  C12H18 -17 203 
 
7 4-benzyl Pyridine (4BP) C12H11N 9 - 11 287 
 
8 phenanthrene (PHE) C14H10 99 340 
 
 
 
 
9  diisodecyl phthalate (DIDP)  C28H46O4         
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7.3  Data Correlation 
 
The experimental viscosity data were fitted to empirical correlation equations in two 
ways. The first approach considers pressure and temperature as the independent 
variables. The viscosity data were correlated by following equations
4
, 
 
        (
  
     
) (
   
     
)
 
                                              
where       and    are constants, reference pressure    = 0.1 MPa and D and E are 
functions of temperature given by the following equations, 
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All parameters of D and E along with       and    were then adjusted in a non-linear 
optimization to minimise the absolute average relative deviation (ΔAAD,X).   
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where Xi, is an experimental datum, Xi,fit is the value calculated from the correlation at 
the same conditions and N is the total number of data points. Maximum absolute 
deviation (ΔMAD,X) and relative bias (Δbias,X) were also calculated for the experimental 
data sets using the following expressions, 
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A second approach is based on the hard-sphere theory of Dymond and Assael
2
, which 
was not only used for the correlation of pure substances as a function of density and 
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temperature but also used for the prediction of hydrocarbon mixtures by applying 
simple linear mixing rules. This model was a reduced viscosity    
      (
 
   
)
      
   
  
                                                       
which is a universal function of molar volume V represented by  
      ∑   
 
   
(
 
  
)
 
                                                            
where the temperature dependent hard-sphere volume is given by  
     
        ⁄   ∑     ⁄  
                                            
 
   
 
For mixtures 
 
       ∑       
 
      ,         ∑       
 
        ,       ∑       
 
                                  
Where    can be either the mass or mole fraction of component i. 
 
The experimental density data was correlated by the modified Tait equation
4
, 
     [         {
   
     
}]
  
                                            
where   = 0.1 MPa,    is the density at      , C is a constant and B is a 
temperature dependent parameter. The temperature dependent parameters    and B 
were correlated by the following equations: 
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The parameters of       B along with C were also adjusted in a linear regression so 
as to minimise the absolute average relative deviation. 
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7.4  Pure Component Results 
 
The density and viscosity of the pure hydrocarbon fluids are listed as a function of 
temperature and pressure in Appendix A. Both properties decrease systematically with 
temperature and increase with pressure. Figures (7.1 to 7.5) illustrate these trends for 
the viscosity of n-dodecane as a function of temperature, pressure and density. 
 
 
Figure 7.1 : Experimental density ρexp of n-dodecane as a function of pressure : ♦, T  = 298.15 K; ■, T = 
323.15 K  ; ▲ T = 348.15 K; × T = 373.15 K.  
 
 
Figure 7.2 : Experimental viscosity ηexp of n-dodecane as a function of pressure : ♦, T  = 298.15 K; ■, T 
= 323.15 K  ; ▲ T = 348.15 K; × T = 373.15 K. 
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Figure 7.3 : Experimental density ρexp of n-dodecane as a function of temperature : ♦, p  = 1 MPa; ■, p 
= 40 MPa  ; ▲ p = 100 MPa  
 
Figure 7.4 : Experimental viscosity ηexp of n-dodecane as a function of temperature : ♦, p  = 1 MPa; ■, p 
= 40 MPa  ; ▲ p = 100 MPa  
 
 
Figure 7.5 : Experimental viscosity ηexp of n-dodecane as a function of density : ♦, T  = 298.15 K; ■, T 
= 348.15 K  ; ▲ T = 398.15 K. 
 
The most effective way to compare these measurements with other data in the 
literature, and to use them in applications, is to fit them to the correlation equations 
outlined in section (7.3) and to show the deviations of other data from these 
correlations. The coefficients for these correlations are listed in tables 7.3 to 7.5 at the 
end of this section.  
 
7.4.1    n-Dodecane (C12H26) 
 
The viscosity and density of n-dodecane were measured along seven isotherms from 
(298.15 to 448.15) K at pressure up to 135 MPa and the results are presented in 
appendix (A) table (A.1). From figure (7.6), it can be concluded that an excellent 
correlation (deviations ± 0.02%) was obtained for the density data measured in this 
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work, the fit being well within the experimental error (equation deviations ± 0.2%) 
and also show excellent agreement with literature values. In case of figure (7.7), most 
of the points lie within the ± 2% region (viscosity uncertainty) with the exception of 
few points outside the uncertainty range. For figure (7.8), the experimental data were 
fitted to the DA hard-sphere model rather than using the published universal 
correlations for V0 (T) for alkanes. Excellent correlation results were obtained for n-
dodecane measured in this work (± 3 %) and also showed good agreement with data 
published by Caudwell
1
 and Tanaka
7
. However the deviations from the correlation 
were negative for the values used by Dymond
5
 but still within the total uncertainty of 
the hard-sphere model (± 5 %). 
   
Figure 7.6 : Fractional density deviation of n-dodecane from eq (7.11) as a function of pressure : ■; 
This Work, ♦; Caudwell1, ▲; Dymond5, ×; Tanaka6; ●, Khasanshin7 
   
Figure 7.7 : Fractional viscosity deviation of n-dodecane from eq (7.1) as a function of pressure : ■; 
This Work, ♦; Caudwell1, ▲; Dymond5, ×; Tanaka6; ●, Hogenboom8 
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Figure 7.8: Fractional viscosity deviation of n-dodecane from hard-sphere model (eq 7.7) as a function 
of pressure: ■; This Work, ♦; Caudwell5, ▲; Dymond6, ×; Tanaka7 
 
7.4.2       2, 2, 4, 4, 6, 8, 8-heptamethylnonane (C16H34) 
 
The viscosity and density of HMN were measured along seven isotherms from 
(298.15 to 448.15) K at pressure up to 135 MPa and the results are presented in 
appendix (A) table (A.2). The viscosity and density of HMN reported in this work 
showed good comparison with literature data. For density data, most of the values 
(figure 7.9) lie within ±0.2% to the correlation and also show excellent comparison 
with published data.  
 
For viscosity most of the correlated points lie within the experimental error of ± 2 % 
(figure 7.10). Similar behaviour was seen for data published by Canet
9
 and 
Barrouhou
10
. Again the viscosity data was fitted to the Dymond-Assael model, as the 
universal correlations (the original DA correlation and correlation determined in 
previous chapter 6) for V0 (T) only apply to linear alkanes. The hard-sphere model 
provided good correlation to within ± 6% for this work (figure 7.11) and also showed 
good agreement with published data to within similar uncertainty (± 6 %). 
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Figure 7.9: Fractional density deviation of HMN from eq (7.11) as a function of pressure : ■; This 
Work, ♦; Canet9, ▲; Barrouhou10, 
   
Figure 7.10: Fractional viscosity deviation of HMN from eq (7.1) as a function of pressure ; ■; This 
Work, ♦; Canet9, ▲; Barrouhou10, 
 
Figure 7.11: Fractional viscosity deviation of HMN from hard-sphere model (eq 7.7) as a function of 
pressure: ■; This Work, ♦; Canet9, ▲; Barrouhou10, 
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7.4.3   Bicyclohexyl (C12H22) 
 
The viscosity and density of BCH were measured along seven isotherms from (298.15 
to 448.15) K at pressure up to 80 MPa and the results are presented in appendix (A) 
table (A.3). At the lowest temperature T = 298.15 K, the maximum pressure at which 
the density and viscosity values were measured was 40 MPa. Any further increase in 
pressure caused solidification of BCH within the experimental apparatus. For other 
isotherms, the same behaviour (solidification) was observed for pressures beyond 80 
MPa. To our best knowledge, the viscosity and density of BCH is reported in this 
work for the first time at elevated temperatures and pressures. For the density data, all 
the values (figure 7.12) lie within ±0.2% to the correlation. The coefficients for the 
viscosity correlation (equation 7.7) are listed in table 7.4. The hard-sphere model also 
provided excellent correlation of the measured data to within ± 3 % (figure 7.13). 
Figure 7.12: Fractional density deviation of BCH from eq (7.11) as a function of pressure: ♦, T  = 
298.15 K; ■, T = 323.15 K  ; ▲ T = 348.15 K ; ×,  T  = 373.15 K; –, T = 398.15 K  ; ●, T = 423.15 K; 
+, T = 448.15 K 
Figure 7.13: Fractional viscosity deviation of BCH from the DA hard-sphere model (eq 7.7) as a 
function of pressure ; ♦,  T  = 298.15 K; ■, T = 323.15 K  ; ▲ T = 348.15 K ; ×,  T  = 373.15 K; –, T = 
398.15 K  ; ●, T = 423.15 K; +, T = 448.15 K 
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7.4.4   1,4, Diisopropyl Benzene (C12H18) 
 
The viscosity and density of DIPB were measured along seven isotherms from 
(298.15 to 448.15 K) at pressure up to 135 MPa and the results are presented in 
appendix (A) table (A.4). To our best knowledge, the viscosity and density of DIPB is 
reported in this work for the first time at elevated temperatures and pressures. For the 
density data (figure 7.14), all the points lie within ± 0.2 % of the correlation. The 
coefficients for the viscosity correlation (equation 7.7) are listed in table 7.4. 
Excellent correlation results for viscosity (figure 7.15) were also obtained from the 
hard-sphere model, all the data within ± 3 % (well within the total uncertainty of the 
hard-sphere model ± 5%) 
Figure 7.14: Fractional density deviation of DIPB from eq (7.11) as a function of pressure : ♦,  T  = 
298.15 K; ■, T = 323.15 K  ; ▲ T = 348.15 K ; ×,  T  = 373.15 K; –, T = 398.15 K  ; ●, T = 423.15 K; 
+, T = 448.15 K 
Figure 7.15: Fractional viscosity deviation of DIPB from the DA hard-sphere model (eq 7.7) as a 
function of pressure ; ♦,  T  = 298.15 K; ■, T = 323.15 K  ; ▲ T = 348.15 K ; ×,  T  = 373.15 K; –, T = 
398.15 K  ; ●, T = 423.15 K; +, T = 448.15 K 
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7.4.5   4-Benzyl Pyridine (C12H11N) 
 
The viscosity and density of 4BP were measured along seven isotherms from (298.15 
to 448.15) K at pressure up to 135 MPa and the results are presented in appendix (A) 
table (A.5). To our best knowledge, the viscosity and density of 4BP is reported in 
this work for the first time at elevated temperatures and pressures. Excellent 
correlation results for density (figure 7.16) and viscosity (figure 7.17) were obtained 
to within ± 0.05 % and ± 3 % respectively.  
Figure 7.16: Fractional density deviation of 4BP from eq (7.11) as a function of pressure : ♦,  T  = 
298.15 K; ■, T = 323.15 K  ; ▲ T = 348.15 K ; ×,  T  = 373.15 K; –, T = 398.15 K  ; ●, T = 423.15 K; 
+, T = 448.15 K 
Figure 7.17: Fractional viscosity deviation of 4BP from hard-sphere model (eq 7.7) as a function of 
pressure ; ♦,  T  = 298.15 K; ■, T = 323.15 K  ; ▲ T = 348.15 K ; ×,  T  = 373.15 K; –, T = 398.15 K  ; 
●, T = 423.15 K; +, T = 448.15 K 
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Table 7.4: Coefficients of equations (7.11) to (7.13) for density and statistical parameter for Pure 
Fluids 
Coefficients Dodecane HMN BCH DIPB 4BP 
a0 9.159 × 10
2
 9.364 × 10
2
 1.060 × 10
3
 1.026 × 10
3
 1.236 × 10
3
 
a1 -4.399 × 10
-1
 -4.012 × 10
-1
 -5.045 × 10
-1
 -4.017 × 10
-1
 -5.17 × 10
-1
 
a2 -4.44 × 10
-4
 -4.066 × 10
-4
 -3.002 × 10
-4
 -5.658 × 10
-4
 -3.941 × 10
-4
 
b0 3.36 × 10
2
 3.098 × 10
2
 4.27 × 10
2
 3.845 × 10
2
 5.306 × 10
2
 
b1 -1.06 × 10
0
 -9.463 × 10
-1
 -1.249 × 10
0
 -1.198 × 10
0
 -1.461 × 10
0
 
b2 8.485 × 10
-4
 7.259 × 10
-4
 9.179 × 10
-4
 9.413 × 10
-4
 1.015 × 10
-3
 
C 2.073 × 10
-1
 1.921 × 10
-1
 1.983 × 10
-1
 2.012 × 10
-1
 2.088 × 10
-1
 
10
2 ΔAAD,ρ 0.04 0.04 0.06 0.04 0.01 
10
2 ΔMAD,ρ 0.18 0.18 0.17 0.20 0.04 
10
2 Δbias,ρ 0.00 0.00 0.00 0.00 0.00 
 
 
Table 7.3: Parameters of equations (7.7) to (7.10) for viscosity of pure fluids using Hard-Sphere 
Model 
Coefficients Dodecane HMN BCH DIPB 4BP 
Rη 1.48 1.16 1.01 1.11 1.29 
g0 2.074 × 10
2
 3.626 × 10
2
 1.757 × 10
2
 1.665 × 10
2
 1.668 × 10
2
 
g1 -1.993 × 10
-1
 -9.866 × 10
-1
 -1.367 × 10
-1
 -1.328 × 10
-1
 -2.001 × 10
-1
 
g2 1.761 × 10
-4
 2.323 × 10
-3
 1.259 × 10
-4
 1.148 × 10
-4
 1.943 × 10
-4
 
10
2 ΔAAD,η 1.48 1.43 1.00 0.70 0.66 
10
2 ΔMAD,η 5.19 5.98 2.79 2.58 2.78 
10
2 Δbias,η 1.46 0.04 0.02 0.01 -0.01 
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Table 7.5: Coefficients of equations (7.1) to (7.3) for viscosity and statistical parameter for Pure 
Fluids 
Coefficients Dodecane HMN BCH DIPB 4BP 
Aη 1.987 × 10
-2
 2.505 × 10
-2
 4.190 × 10
-2
 2.008 × 10
-2
 5.507 × 10
-2
 
Bη 1.029 × 10
3
 1.041 × 10
3
 8.163 × 10
2
 1.079 × 10
3
 7.750 × 10
2
 
Cη 5.44 × 10
1
 8.426 × 10
1
 1.146 × 10
2
 3.789 × 10
1
 1.215 × 10
2
 
d0 4.514 × 10
-1
 3.062 × 10
1
 1.083 × 10
1
 6.765 × 10
0
 5.485 × 10
0
 
d1 -8.812 × 10
2
 -2.782 × 10
4
 -7.732 × 10
3
 -5.670 × 10
3
 -7.823 × 10
1
 
d2 4.918 × 10
5
 6.681 × 10
6
 1.677 × 10
6
 1.425 × 10
6
 1.956 × 10
-5
 
e0 1.102 × 10
3
 4.652 × 10
3
 1.259 × 10
3
 2.055 × 10
3
 -2.596 × 10
3
 
e1 -3.899 × 10
0
 -1.982 × 10
-1
 -5.319 × 10
0
 -8.449 × 10
0
 -1.585 × 10
1
 
e2 3.501 × 10
-3
 2.157 × 10
-2
 6.429 × 10
-3
 9.134 × 10
-3
 -1.853 × 10
-2
 
10
2 ΔAAD,η 0.51 0.98 0.47 0.44 0.87 
10
2 ΔMAD,η 2.13 3.32 1.53 1.53 2.35 
 10
2 Δbias,η 0.00 0.02 0.00 0.00 -0.01 
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7.5  Hydrocarbon Mixtures 
It has been mentioned before the aim of this work was not only to test the ability of 
the hard-sphere model to correlate the high pressure-high temperature viscosity of 
pure fluids but also to analyse the predictive power of the model for complex 
hydrocarbon mixtures acting as model oils. The model will then be tested in the next 
chapter 8 on its applicability to pure crude oils and their mixtures with hydrocarbons. 
The model hydrocarbon mixtures studied in this work are summarised in following 
table 7.6, consisting of one ternary, five quaternary and two quinary mixtures. 
Table 7.6: Hydrocarbon mixtures studied in this work 
Mixture Components 
M1 n-octane, n-dodecane and n-hexadecane 
M2 n-octane, n-dodecane, n-hexadecane and HMN 
M3 n-octane, n-dodecane, n-hexadecane and BCH 
M4 n-octane, n-dodecane, n-hexadecane and DIPB 
M5 n-octane, n-dodecane, n-hexadecane and DIDP 
M6 n-octane, n-dodecane, n-hexadecane and 4BP 
M7 n-octane, n-dodecane, n-hexadecane, 4BP and PHEN 
M8 n-octane, n-dodecane, n-hexadecane, 4BP and DIDP 
 
7.5.1  Ternary Mixture M1 (n-Octane, n-Dodecane and n-Hexadecane) 
 
The ternary mixture of n-octane, n-dodecane and n-hexadecane was studied at one 
composition along seven isotherms in the range 298.15 to 448.15 K at pressure up to 
135 MPa and the results are presented in appendix (A) table (A.6). The composition 
of the ternary mixture is summarised in following table 7.7. 
Table 7.7: Composition of hydrocarbon mixture (M1) 
Component wi xi 
n-octane 0.333 0.460 
n-dodecane 0.334 0.309 
n-hexadecane 0.333 0.232 
where wi = mass fraction, xi= mole fraction 
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The viscosity of this ternary mixture (M1) as a function of temperature and pressure is 
illustrated in following figure 7.18:  
 
Figure 7.18: Experimental viscosity ηexp of ternary mixture (M1) as a function of pressure: ♦,  T  = 
298.15 K; ▲, T = 348.15 K; –, T = 398.15 K ; +, T = 448.15 K  
 
The mixture of n-octane, n-dodecane and n-hexadecane was chosen as the benchmark 
mixture against which to test the performance of the hard-sphere model. The 
experimental data for n-octane and n-hexadecane were obtained from Caudwell
1
 and 
Ciotta
2
 respectively. Individual hydrocarbon data were correlated using the hard- 
sphere model (for hard-sphere volume V0 and roughness factor Rη prior to using linear 
mixing rules (section 7.3) to predict the mixture viscosity. The accuracy of viscosity 
prediction by this mixture using the hard-sphere model with mixing rules based on 
mole fraction is summarised in figure 7.19.  
 
Figure 7.19: Deviation of experimental viscosity of ternary hydrocarbon mixture (M1) from the DA 
hard-sphere model using mole fraction; ♦,  T  = 298.15 K; ■, T = 323.15 K  ; ▲ T = 348.15 K ; ×,  T  = 
373.15 K; –, T = 398.15 K  ; ●, T = 423.15 K; +, T = 448.15 K 
 
From above figure it can be concluded that Dymond-Assael`s hard-sphere model not 
only provides an excellent correlation for pure hydrocarbons but also gives an 
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parameter mixing rules, with an uncertainty of ΔAAD,η = 1.6 % and ΔMAD,η = 6.6 %. 
This is well within the expected accuracy for this model
4
. If we consider the mixing 
rules based on mass fraction, the predictions are of lower, though still acceptable 
accuracy. 
Table 7.8: Predictive performance of hard-sphere model for mixture M1 using mass and mole fraction 
Mixture 10
2ΔAAD,η 10
2ΔMAD,η 10
2Δbias,η 
M1 (mass fraction) 5.4 15.7 5.5 
M1 (mole fraction) 1.6 6.6 -0.6 
 
7.5.2  Quaternary Mixture M2 (n-Octane, n-Dodecane, n-Hexadecane 
and HMN) 
 
The quaternary mixture n-octane, n-dodecane, n-hexadecane and HMN was studied at 
one composition along seven isotherms in the range (298.15 to 448.15) K at pressure 
up to 135 MPa and the results are presented in appendix (A) table (A.7).The 
composition of the quaternary mixture is given in the following table 7.9. 
Table 7.9: Composition of hydrocarbon mixture (M2) 
Component wi xi 
n-octane 0.250 0.373 
n-dodecane 0.251 0.251 
n-hexadecane 0.249 0.188 
HMN 0.250 0.188 
where wi = mass fraction, xi= mole fraction 
The viscosity of this quaternary mixture (M2) as a function of temperature and 
pressure is illustrated in following figure 7.20.  
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Figure 7.20: Experimental viscosity ηexp of quaternary mixture (M2) as a function of pressure: ♦,  T  = 
298.15 K; ■, T = 348.15 K; ▲, T = 398.15 K ; ×, T = 448.15 K  
The DA hard-sphere model was used to predict the viscosity of this quaternary 
mixture using the V0 and Rη of the pure components given in table 7.3. The deviations 
from the measured values are shown in figure 7.21.   
 
Figure 7.21: Deviation of experimental viscosity of hydrocarbon mixture (M2) from the hard-sphere 
model using mixing rules based on mole fraction ; ♦,  T  = 298.15 K; ■, T = 323.15 K  ; ▲ T = 348.15 
K ; ×,  T  = 373.15 K; –, T = 398.15 K  ; ●, T = 423.15 K; +, T = 448.15 K 
 
As expected for the addition of a branched hydrocarbon to the benchmark mixture of 
linear hydrocarbons, the hard-sphere model predicts the viscosity of the quaternary 
hydrocarbon mixture with higher uncertainty. At ambient pressure the model 
reproduces the experimental viscosity to ≤ 5%; at 298.15 K, the deviation rises to 
+14% at 135 MPa, whereas at 448.15K, the error is only +3% at the same pressure 
and all the deviations from the hard-sphere model are positive. Overall the hard- 
sphere model predicts the viscosity of this mixture with reasonable accuracy of ΔAAD,η 
= 3.6 % and ΔMAD,η = 13.8 %. 
 
Again the viscosity prediction using mass fraction for the mixing rules is worse than 
using mole fraction as summarised in following table 7.10. 
Table 7.10: Predictive performance of hard-sphere model for mixture M2 using mass and mole fraction 
Mixture 10
2ΔAAD,η 10
2ΔMAD,η 10
2Δbias,η 
M2 (mass fraction) 9.3 22.7 9.3 
M2 (mole fraction) 3.6 13.8 3.6 
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7.5.3  Quaternary Mixture M3 (n-Octane, n-Dodecane, n-Hexadecane 
and BCH) 
 
The viscosity and density of quaternary mixture M3 (n-octane, n-dodecane, n-
hexadecane and BCH) were measured at one composition along seven isotherms in 
the range (298.15 to 448.15) K at pressure up to 135 MPa and the results are 
presented in appendix (A) table (A.8). The composition of this quaternary mixture is 
given in following table 7.11. 
 
Table 7.11: Composition of hydrocarbon mixture (M3) 
Component wi xi 
n-octane 0.249 0.349 
n-dodecane 0.250 0.235 
n-hexadecane 0.249 0.176 
BCH 0.251 0.241 
where wi = mass fraction, xi= mole fraction 
The viscosity of this quaternary mixture (M3) as a function of temperature and 
pressure is illustrated in following figure 7.22.  
 
Figure 7.22: Experimental viscosity ηexp of quaternary mixture (M3) as a function of pressure: ♦,  T  = 
298.15 K; ■, T = 348.15 K; ▲, T = 398.15 K ; ×, T = 448.15 K  
 
The predictions of the DA hard-sphere model are similar to those observed for the 
previous mixture M2, as seen in figure 7.23. 
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Figure 7.23: Deviation of experimental viscosity of hydrocarbon mixtures from hard-sphere model 
using mole fraction ; ♦,  T  = 298.15 K; ■, T = 323.15 K  ; ▲ T = 348.15 K ; ×,  T  = 373.15 K; –, T = 
398.15 K  ; ●, T = 423.15 K; +, T = 448.15 K 
 
Again the predictions improve for lighter temperatures, with ΔAAD,η = 3.3 % and 
ΔMAD,η = 10 % slightly better than for mixture M2 containing HMN. 
 
The difference in viscosity predictions from the hard-sphere model using mass and 
mole fractions is given in table 7.12. 
Table 7.12: Predictive performance of hard-sphere model for mixture M3 using mass and mole fraction 
Mixture 10
2ΔAAD,η 10
2ΔMAD,η 10
2Δbias,η 
M3 (mass fraction) 8.3 18.0 8.3 
M3 (mole fraction) 3.3 10.0 3.3 
 
7.5.4  Quaternary Mixture M4 (n-Octane, n-Dodecane, n-Hexadecane 
and DIPB) 
 
The viscosity and density of another quaternary mixture M4 (n-octane, n-dodecane, n-
hexadecane and DIPB), this time containing an aromatic hydrocarbon were measured 
at one composition along seven isotherms in the range (298.15 to 448.15) K at 
pressure up to 135 MPa and the results are presented in appendix (A) table (A.9). The 
composition of mixture M4 is given in table 7.13. 
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Table 7.13: Composition of hydrocarbon mixture (M4) 
Component wi xi 
n-octane 0.249 0.347 
n-dodecane 0.252 0.235 
n-hexadecane 0.249 0.175 
n-DIPB 0.249 0.244 
where wi = mass fraction, xi= mole fraction 
 
The viscosity of this quaternary mixture (M4) as a function of temperature and 
pressure is illustrated in following figure 7.24,  
 
Figure 7.24: Experimental viscosity ηexp of quaternary mixture (M4) as a function of pressure: ♦,  T  = 
298.15 K; ■, T = 348.15 K; ▲, T = 398.15 K ; ×, T = 448.15 K  
 
The deviations of the viscosity prediction by the hard-sphere model from the 
experiment is summarised in figure 7.25,  
 
Figure 7.25: Deviation of experimental viscosity of hydrocarbon mixtures from DA hard-sphere model 
using mole fraction based mixing rules; ♦,  T  = 298.15 K; ■, T = 323.15 K  ; ▲ T = 348.15 K ; ×,  T  = 
373.15 K; –, T = 398.15 K  ; ●, T = 423.15 K; +, T = 448.15 K 
For the previous hydrocarbon mixtures (M1-3), the hard-sphere model usually under-
predicted the viscosity. However for mixture M4, most of the deviations are negative 
.i.e. over prediction of viscosity values by the hard-sphere model. In fact for this 
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mixture the model provides an excellent prediction of the experimental, giving values 
within ± 5% for all temperatures and pressures studied, which is within the normal 
expectancy for the model. The difference in viscosity predictions using mass rather 
than mole fraction is given in table 7.14. 
 
Table 7.14: Predictive performance of hard-sphere model for mixture M4 using mass and mole fraction 
Mixture  10
2ΔAAD,η 10
2ΔMAD,η 10
2Δbias,η 
M4 (mass fraction) 4.6 13.6 4.6 
M4 (mole fraction) 1.7 4.4 -1.2 
 
 
7.5.5  Quaternary Mixture M5 (n-Octane, n-Dodecane, n-Hexadecane 
and DIDP) 
 
The viscosity and density of quaternary mixture M5 containing n-octane, n-dodecane, 
n-hexadecane and the aromatic ester DIDP were measured at two compositions along 
seven isotherms in the range (298.15 to 448.15) K at pressures up to 135 MPa and the 
results are presented in appendix (A) table (A.10 and A.11). In this study, mixtures 
have been prepared using almost equal quantities of the hydrocarbons.  
Due to the high density and viscosity of DIDP, two different mixtures were prepared 
using either equal mass or equal moles of hydrocarbons. This mixture contains one 
component (DIDP) whose viscosity is 1-2 order of magnitude greater than the other 3 
components, so to some extend can be considered a model for a heavier oil and DIDP 
perhaps even to some extend an asphaltene (has aromatic ring plus long alkyl chains). 
The compositions of the two different hydrocarbons mixtures are given in table 7.15 
Table 7.15 : Composition of hydrocarbon mixture (M5) 
  M5 a M5 b 
Component wi xi wi xi 
n-octane 0.249 0.410 0.119 0.250 
n-dodecane 0.251 0.277 0.177 0.250 
n-hexadecane 0.252 0.209 0.236 0.250 
DIDP 0.249 0.105 0.467 0.251 
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where wi = mass fraction, xi= mole fraction, M5 a = mixture with equal mass of 
hydrocarbons, M5 b = mixture with equal moles of hydrocarbons 
 
The viscosity of this quaternary mixture (M5 a and b) as a function of temperature and 
pressure is illustrated in following figures 7.26 and 7.27,  
 
Figure 7.26: Experimental viscosity ηexp of quaternary mixture (M5a) as a function of pressure: ♦,  T  = 
298.15 K; ■, T = 348.15 K; ▲, T = 398.15 K ; ×, T = 448.15 K  
 
Figure 7.27: Experimental viscosity ηexp of quaternary mixture (M5b) as a function of pressure: ♦,  T  = 
298.15 K; ■, T = 348.15 K; ▲, T = 398.15 K ; ×, T = 448.15 K  
 
The viscosity and density of these quaternary mixtures as a function of composition 
for two selected T, p conditions are summarised in following diagrams 7.28 and 7.29,  
Figure 7.28: The density of quaternary mixture M5a (DIDP, n-octane, n-dodecane, n-hexadecane) as a 
function of DIDP mole fraction; ♦,  T  = 298.15 K 40 MPa; ■, T = 373.15 K 80 MPa   
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Figure 7.29: The viscosity of quaternary mixture M5a (DIDP, n-octane, n-dodecane, n-hexadecane) as 
a function of DIDP mole fraction; ♦,  T  = 298.15 K 40 MPa; ■, T = 373.15 K 80 MPa   
 
The viscosity prediction by the hard-sphere model compared with the experimental 
data for both mixtures is summarised in figure 7.30,  
 
Figure 7.30: Deviation of experimental viscosity of hydrocarbon mixture M5 a and b from hard-sphere 
model using mass fraction based mixing rules; +, M5 a ; ×, M5 b 
 
For figures 7.29 and 7.30, it can be concluded that for both mixtures at the lowest 
temperature, the DA hard-model under-predicted the viscosity of the mixtures. 
However for other temperatures, a systematic trend was seen as the viscosity values 
were predicted in the positive region at lower pressures and in negative region at 
higher pressures. 
For this “heavy” quaternary mixture, the hard-sphere model is less accurate in its 
prediction, the error ranging from +17 % at ambient pressures to -20 % at the highest 
pressures, with a systematic trend towards lower viscosities relative to experiment as 
pressure decreases.  
It is clear from figure 7.30 that as the concentration of DIDP increases within the 
solution, the hard-sphere model predicts the viscosity with higher uncertainty. For 
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mixture M5 a, the DA model predicts the viscosity with ΔAAD,η = 6.6 % and ΔMAD,η = 
14.7 %, whereas for mixture M5 b with ΔAAD,η = 8.6 % and ΔMAD,η = 19.8 %. In 
contrast to the previous mixtures, table 7.16 shows that for mixtures M5 a and b, 
using mass fractions for the mixing rules provided better results than using mole 
fraction. 
 
Table 7.16: Predictive performance of hard-sphere model for mixtures M4 using mass and mole fraction 
  M5 a M5 b 
  wi xi wi xi 
ΔAAD,η 6.6 9.6 8.6 14.3 
ΔMAD,η 14.7 26.3 19.8 33.0 
Δbias,η 3.0 9.3 1.6 13.5 
 
7.5.6  Quaternary Mixture M6 (n-Octane, n-Dodecane, n-Hexadecane 
and 4BP) 
 
The next mixture introduced a heterocyclic aromatic compound. The viscosity and 
density of quaternary mixture M6 (n-octane, n-dodecane, n-hexadecane and 4BP) 
were measured at one composition along seven isotherms in the range (298.15 to 
448.15) K at pressures up to 135 MPa and the results are presented in appendix (A) 
table (A.12). The composition for quaternary mixture M6 is given in table 7.17. 
 
Table 7.17: Composition of hydrocarbon mixture (M6) 
Component wi xi 
n-octane 0.250 0.350 
n-dodecane 0.250 0.235 
n-hexadecane 0.250 0.177 
4BP 0.250 0.237 
where wi = mass fraction, xi= mole fraction 
 
The viscosity of this quaternary mixture (M6) as a function of temperature and 
pressure is illustrated in following figures 7.31,  
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Figure 7.31: Experimental viscosity ηexp of quaternary mixture (M6) as a function of pressure: ♦,  T  = 
298.15 K; ■, T = 348.15 K; ▲, T = 398.15 K ; ×, T = 448.15 K  
 
The viscosity prediction by the DA hard-sphere model is summarised in following 
figure 7.32.  
 
Figure 7.32: Deviation of experimental viscosity of hydrocarbon mixtures from hard-sphere model 
using mass fraction; ♦,  T  = 298.15 K; ■, T = 323.15 K  ; ▲ T = 348.15 K ; ×,  T  = 373.15 K; –, T = 
398.15 K  ; ●, T = 423.15 K;  
 
Despite the fact that the DA hard-sphere model fits the pure component 4BP very well 
(±2 %), the hard-sphere model predicts the viscosity of mixture containing 4BP with a 
much higher uncertainty than all the previous. Although the agreement improves with 
increasing pressure and decreasing temperature, errors are typically 30 to 40 %. The 
introduction of the nitrogen heteroatom clearly influences the effective V0(T) 
parameter in in a qualitatively different manner than for both aliphatic and aromatic 
pure hydrocarbons. The difference in viscosity predictions using mass and mole 
fraction is shown in table 7.18, again mass fraction is slightly better but the 
predictions are still poor. 
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Table 7.18: Predictive performance of hard-sphere model for mixture M6 using mass and mole 
fraction 
Mixture  10
2ΔAAD,η 10
2ΔMAD,η 10
2Δbias,η 
M6 (mass fraction) 35.4 57.7 -35.4 
M6 (mole fraction) 39.0 59.2 -39.0 
 
7.5.7    Comparison of Quaternary Mixtures  
 
It is interesting to compare the effect on viscosity and density of adding different 
hydrocarbons to the benchmark alkane mixture of n-octane, n-dodecane and n-
hexadecane as shown in figures 7.33 and 7.34.  
 
 
Figure 7.33: The density of mixtures at T = 298.15 K as a function of pressure, ♦, M1; ■, M2; ▲, M3; 
×,  M4; –, M5a ; ●, M6 
 
Figure 7.34: The viscosity of mixtures at T = 298.15 K as a function of pressure, ♦, M1; ■, M2; ▲, M3; 
×, M4; –, M5a ; ●, M6 
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Higher density values of the fourth component (hydrocarbon) as a function of 
pressure resulted in higher density values of the hydrocarbon mixture as illustrated in 
figure (7.33).   
However similar behaviour in viscosity values were also observed with the addition of 
the fourth component (hydrocarbon) to the benchmark mixture except for mixture M4 
(mainly due to lower viscosity values of DIPB), which provided almost identical 
viscosity values as of benchmark alkane mixture.  The viscosity of mixture M5a 
(DIDP) is lower at low pressure than mixture M6 (4BP), as the pressure increased the 
viscosity values of mixture M5 (DIDP) also increased significantly to mixture M5 as 
shown in figure 7.34. 
 
7.6.1  Quinary Mixture M7 (n-Octane, n-Dodecane, n-Hexadecane, 4BP 
and PHEN) 
 
So far we have used described mixtures of liquid hydrocarbons, which are easy to mix 
at room temperature. Our model asphaltene phenanthrene (PHE) is a solid and 
Hildebrand solubility parameter was used to estimate its solubility in the different 
hydrocarbons (pure fluids or mixtures) used previously. 
 
7.6.1.1     Hildebrand Parameter 
 
The solubility parameter (δ) provides a numerical estimate of the degree of interaction 
between molecules and can be a good indication of solubility
11
. Materials with similar 
values of δ are likely to be miscible. The Hildebrand parameter is defined as the 
square root of the cohesive energy density and can be represented by following 
equation
12
, 
   √                                                                     
 
where   is the cohesive energy density,     the heat of vaporization,   the universal 
gas constant,   the absolute temperature and    the molar volume.        
Traditionally cohesive energy density of a liquid is given in calories per cubic 
centimetre and is a direct reflection of the degree of van der Waals forces holding the 
liquid molecules together. The higher the difference in Hildebrand solubility values 
            7. Hydrocarbons Viscosity Measurement and Prediction   
106 
 
between solvent and solvent, the less solute would be dissolved in that solvent
12
. The 
cohesive energy density values for different hydrocarbons are shown here in both the 
traditional form and also in standard international units (SI). The following equation 
describes the relationship between cohesive energy density and cohesive pressure,  
 √              √                                                     
Table 7.19 : Hildebrand solubility parameters for different hydrocarbons 
Hydrocarbons δ (cal·cm-3) δ ((MPa)1/2) 
Hexane 6.80 13.90 
Octane 6.69 13.68 
Dodecane 6.52 13.34 
Hexadecane 6.36 13.02 
Heptamethylnonane 6.04 12.35 
Toluene 8.47 17.32 
BicycloHexyl 7.79 15.93 
1,4 Diisopropyl Benzene 7.20 14.74 
4-Benzyl Pyridine 8.85 18.10 
Phenanthrene 8.77 17.93 
 
The following figure 7.35 illustrates the experimental solubility percentage of 
phenanthrene (PHE) in different solvents, 
  
Figure 7.35: Solubility of phenanthrene in different solvents 
As it is clear from figure that as the difference in Hildebrand parameter values 
increased between the solvent and solute, the solvent dissolved less amount of 
phenanthrene solute. On the other hand, as the difference in Hildebrand values was 
very small, large amount of PHE was dissolved in the solvent. 
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Hildebrand solubility value of a solvent mixture can be determined by averaging the 
Hildebrand values of the individual solvents by volume. Initially the solubility 
parameter of the benchmark mixture (n-octane, n-dodecane and n-hexadecane) was 
calculated and its value then compared with the addition of different solvents to this 
benchmark mixture. The solubility parameter for the different mixtures used in this 
work is summarised in following table 7.20, 
Table 7.20: Hildebrand solubility parameters for different hydrocarbons mixtures 
Hydrocarbons δ (cal·cm-3) δ ((MPa)1/2) 
n-octane, n-dodecane and n-hexadecane  6.53 13.35 
n-octane, n-dodecane, n-hexadecane and HMN  6.40 13.10 
n-octane, n-dodecane, n-hexadecane and DIPB 6.84 13.99 
n-octane, n-dodecane, n-hexadecane and BCH 6.70 13.69 
n-octane, n-dodecane, n-hexadecane and 4BP 7.11 14.54 
n-octane, n-dodecane, n-hexadecane and Toluene 7.01 14.34 
 
It is clear from above table (7.20) that the quaternary mixture containing 4BP should 
dissolve more phenanthrene than any other mixture. So for this reason, mixture M6 
was chosen as the solvent for phenanthrene and it was dissolved in the quaternary 
mixture of n-octane, n-dodecane, n-hexadecane and 4BP to its solubility limit and the 
viscosity and density of this quinary mixture was measured at one composition along 
four isotherms in the range 298.15 to 398.15 K at pressure up to 70 MPa and the 
results are presented in appendix (A) table (A.13). The composition of the quinary 
mixture (M7) is shown in table 7.21. 
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Table 7.21: Composition of hydrocarbon mixture (M7) 
Component wi xi 
n-octane 0.217 0.308 
n-dodecane 0.218 0.208 
n-hexadecane 0.219 0.157 
4BP 0.223 0.214 
PHEN 0.124 0.113 
where wi = mass fraction, xi= mole fraction 
 
The viscosity of this quinary mixture (M7) as a function of temperature and pressure 
is illustrated in following figure 7.36,  
 
Figure 7.36: Experimental viscosity ηexp of quinary mixture (M7) as a function of pressure: ♦, T  = 
298.15 K; ■, T = 323.15 K; ▲, T = 348.15 K ; ×, T = 398.15 K  
 
The following figures 7.37 and 7.38 illustrates the effect of adding PHE and 4BP to 
the viscosity and density of linear alkane mixture (M1) and its comparison with 
mixtures M1 (linear alkane mixture) and M6 (4BP) 
 
Figure 7.37: Experimental viscosity ηexp of mixtures as a function of pressure at T = 298.15 K:: ♦,  M1; 
■, M6; ▲, M7  
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Figure 7.38: Experimental density ρexp of mixtures as a function of pressure at T = 298.15 K:: ♦,  M1; 
■, M6; ▲, M7  
 
From above figures 7.37 and 7.38, it is clear that higher viscosity values were 
obtained on addition of 4BP (M6) to linear ternary mixture (M1). However adding 
4BP and PHE to mixture M1 resulted in viscosity values lower than mixture M6 
(4BP). However a completely different behaviour was observed for the mixture 
densities. Higher density values were calculated for mixture M8 as the density of the 
fourth component influences the density of the hydrocarbon mixture as illustrated in 
section 7.5.7. 
 
Due to the lack of experimental data for pure phenanthrene, the PHE parameters for 
molar volume V0 and roughness factor    were calculated from the following alkane 
universal correlation obtained in previous chapter 6 (taking Cn=14) 
 
10
6
 V0 (m
3
·mol
-1
)
 
=  
(12.7902+ 12.0681Cn + 0.2764 Cn
2
) – (T/K) (0.04809 -0.006069 Cn+ 0.001155 Cn
2
)                   
+ (T/K)
2
 (0.000050415 -0.000009716 Cn + 0.00000112 Cn
2
)            (7.16) 
 
  = 1.19424 – 0.06490 Cn + 0.00694 Cn
2
                        (7.17) 
 
where Cn = Carbon Number 
 
The viscosity prediction by the hard-sphere model for above mixture can be 
summarised in following figure 7.39,  
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Figure 7.39: Deviation of experimental viscosity of hydrocarbon mixtures from hard-sphere model 
using mole fraction; ♦,  T  = 298.15 K; ■, T = 323.15 K  ; ▲ T = 348.15 K ; ×,  T  = 398.15 K;  
The hard-sphere model predicts the viscosity of mixture containing phenanthrene with 
reasonable uncertainty with ΔAAD,η = 19 % and ΔMAD,η = 36.3 %. It also shows that by 
calculating molar volume and roughness factor values from equations 7.16 to 7.17, the 
model can still be used for viscosity prediction within reasonable uncertainty. The 
difference in viscosity prediction from hard-sphere model using mass and mole 
fraction can be summarised in following table 7.22, 
 
Table 7.22: Predictive performance of hard-sphere model for mixture M7 using mass and mole 
fraction 
Mixture  10
2ΔAAD,η 10
2ΔMAD,η 10
2Δbias,η 
M7 (mass fraction) 23.2 40.9 23.2 
M7 (mole fraction) 19.0 36.3 19.0 
 
 
7.6.2  Quinary Mixture M8 (n-Octane, n-Dodecane, n-Hexadecane, 4BP 
and DIDP) 
Another quinary mixture was studied, using DIDP as the analogue asphaltene. The 
viscosity and density of this quinary mixture (n-octane, n-dodecane, n-hexadecane, 
4BP and DIPB) were measured at one composition along seven isotherms in the range 
(298.15 to 448.15) K at pressure up to 135 MPa and the results are presented in 
appendix (A) table (A.14). The composition of this quinary mixture is given in table 
7.23. 
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Table 7.23: Composition of hydrocarbon mixture (M8) 
Component wi xi 
n-octane 0.197 0.317 
n-dodecane 0.201 0.217 
n-hexadecane 0.200 0.162 
DIDP 0.200 0.082 
4BP 0.203 0.221 
where wi = mass fraction, xi= mole fraction 
 
The viscosity of this quinary mixture (M8) as a function of temperature and pressure 
is illustrated in following figure 7.40,  
 
Figure 7.40: Experimental viscosity ηexp of quinary mixture (M8) as a function of pressure: ♦, T  = 
298.15 K; ■, T = 348.15 K; ▲, T = 398.15 K ; ×, T = 448.15 K  
 
The following figures 7.41 and 7.42 illustrates the effect of adding DIDP and 4BP to 
the viscosity and density of linear alkane mixture (M1) and its comparison with 
mixtures M1 (linear alkane mixture), M5a (DIDP) and M6 (4BP) 
 
Figure 7.41: Experimental viscosity ηexp of mixtures as a function of pressure at T = 298.15 K:: ♦,  M1; 
▲, M6; ■, M5a; ×,  M8  
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Figure 7.42: Experimental density ρexp of mixtures as a function of pressure at T = 298.15 K:: ♦,  
M1;▲, M5a ; ■, M6; ×,  M8  
 
From above figures 7.41 and 7.42, it is clear that higher viscosity values were 
obtained on addition of 4BP (M6) and DIDP (M5a) to linear ternary mixture (M1). 
However adding 4BP and DIDP to mixture M1 resulted in almost similar viscosity 
values to mixture M5a (DIDP). However a complete different behaviour was 
observed for the mixture densities. Higher density values were calculated for mixture 
M8 as the density of the fourth component influences the density of the hydrocarbon 
mixture as illustrated in section 7.5.7. 
 
The accuracy of the viscosity prediction by the DA hard-sphere model for this mixture 
is summarised in figure 7.43,  
 
Figure 7.43: Deviation of experimental viscosity of hydrocarbon mixture (M8) from prediction of the 
DA hard-sphere model using mass fraction ; ♦,  T  = 298.15 K; ■, T = 323.15 K  ; ▲ T = 348.15 K ; ×,  
T  = 373.15 K; –, T = 398.15 K  ; ●, T = 423.15 K;  
 
For this system, the hard-sphere model predictions are reasonable and increase in 
accuracy as temperature increases. The model predicts the viscosity of the mixture 
containing phenanthrene with uncertainties of ΔAAD,η = 12.4 % and ΔMAD,η = 34.3 %. 
700
750
800
850
900
0 20 40 60 80 100 120 140
ρ
 /
 (
kg
·m
-3
) 
p / MPa 
-5
5
15
25
35
0 20 40 60 80 100 120 140
((
η
ex
p
 - 
η
m
o
d
)/
η
ex
p
)*
1
0
0
 
 
p / MPa 
            7. Hydrocarbons Viscosity Measurement and Prediction   
113 
 
Table 7.24 shows that in this case using mole fractions give some advantage for 
ΔAAD,η  
Table 7.24: Predictive performance of hard-sphere model for mixture M8 using mass and mole fraction 
Mixture  10
2ΔAAD,η 10
2ΔMAD,η 10
2Δbias,η 
M8 (mass fraction) 12.4 34.3 11.9 
M8 (mole fraction) 8.0 30.6 7.4 
 
7.7     Conclusions 
In this chapter, the viscosity and density (η, ρ) of pure fluids and hydrocarbon 
mixtures were measured using the vibrating wire viscometer and u-tube densimeter 
respectively at temperatures ranging from (298.15 to 448.15) K and pressures up to 
135 MPa. The hydrocarbons were selected to represent different types of 
hydrocarbons found in real crude oils, so that they could be used to make model crude 
oils upon mixing. Systematic trends were found in mixture viscosity as higher 
molecular weight and more polar compounds were added.  
The Dymond-Assael model was used to correlate the viscosity data for the pure 
components. The ability of this model to then predict the viscosity of all mixtures over 
wide range of temperatures and pressures, from the pure component viscosities was 
then evaluated. Excellent correlation of the viscosity and density of the pure fluids 
was given by the DA model (±5 %). For model crude oils, a benchmark alkane 
mixture of n-octane, n-dodecane and n-hexadecane was selected and the effect of the 
further addition of different types of hydrocarbons on the mixture properties was 
investigated. 
For hydrocarbon mixtures the hard-sphere model was less accurate but still 
surprisingly good as a predictive tool in most cases. For instance it predicted the 
viscosity of alkane mixture M1 with uncertainty of only ΔAAD,η = 1.6 % and ΔMAD,η = 
6.6 %. Addition of branched (M2) and cyclic (M3) hydrocarbons to mixture M1 
increased the uncertainty of the prediction to about ± 3.5 %. However for mixture M4 
where an alkylated benzene was added, excellent prediction results were obtained 
with an uncertainty of ΔAAD,η = 1.7 % and ΔMAD,η = 4.4 %. Interestingly the viscosity 
of mixture M4 was almost the same as mixture M1, as it illustrated in figure 7.34. As 
a long branched alkylated aromatics (M5) and a heterocyclic aromatic hydrocarbon 
(M6) were added to mixture (M1), the hard-sphere model predicted their viscosity 
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with higher uncertainties ΔAAD,η = 6.6 % and ΔAAD,η = 35.4 % respectively. This 
demonstrates the limitation of the existing hard-sphere model for more complex 
hydrocarbons, but suggests scope for improvement in both the model (e.g. additional 
parameter representing shape) and the mixing rules. For the quinary mixtures M7 and 
M8, the prediction by the hard-sphere model gave an uncertainty of ΔAAD,η = 23.2 % 
and ΔAAD,η = 12.4 % respectively. Better optimisation of model parameter for pure 
phenanthrene would improve the former, whilst the prediction of a complex 5 
component hydrocarbon mixture containing a viscous high molecular weight 
component to within close to 10 % is a significant achievement, which is sufficiently 
accurate for many applications, including simulation of reservoir flow.   
Overall the DA hard-sphere model has been found to be remarkably good at 
correlating pure hydrocarbon component viscosities and at predicting high pressure-
high temperature viscosities of their complex, multi component mixtures. The work 
confirms earlier studies that models of this type are most limited where they attempt 
to predict the viscosity of molecules very different in molecular weight, size or 
polarity
1, 2
.   
The selected model hydrocarbons were based on typical crude oil SARA analysis to 
make model heavy oils with a range of hydrocarbon types. The maximum viscosity 
value was obtained 16 mPa·s at p = 110 MPa for mixture M5 b. So the viscosity of 
these mixtures (M1 to M8) was usually less than that of most real crude oils. Some of 
the hydrocarbons used such as DIDP (high viscosity 87.5 mPa·s at room temperature) 
did approach the viscosities of crude oils but did not make significant difference to 
mixture viscosity and density at the relatively low mole fractions used in this 
systematic model study. 
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   Crude Oil Viscosity Measurement and Prediction 
 
8.1   Introduction  
 
Crude oil is the mixture of hydrocarbons and is usually black or dark brown in 
appearance. The appearance of crude oil varies significantly due to its composition. It 
is normally found in the reservoir along with gases (CH4, N2 etc), sand and water. 
Crude oil is naturally formed from decaying of animals and plants over millions of 
years. 
In this work, the viscosity and density of two different crude oils samples, obtained 
from the North Sea were  determined using a vibrating wire viscometer and u-tube 
densimeter at temperatures ranging from (298.15 to 448.15) K and pressures up to 135 
MPa. Initial experiments on both crude samples showed that crude oil A was much 
more viscous and dense than crude oil B. In this work the Dymond-Assael (DA) hard- 
sphere model was used not only for the correlation of pure crude oil data but also as a 
predictive tool for mixtures of crude oil with the benchmark alkane mixture (n-octane, 
n-dodecane and n-hexadecane) studied in chapter 7. 
 
8.2   Pre-Treatment of Samples 
 
Both crude oil samples were vacuum filtered to remove solid particles prior to the 
experiments. The procedure was carried out to remove both residual solids (e.g. sand) 
and any particles of the heavy end fraction that had precipitated out of the crude oils 
during storage. The viscosity and density of both samples at atmospheric pressure and 
at moderate temperatures have previously been determined by Sankar et al
1
. In this 
work, the effect of elevated temperatures and pressures on viscosity and density were 
studied.  
In a separate study, the crude oil samples were mixed with different concentrations of 
a benchmark mixture of alkanes (n-octane, n-dodecane and n-hexadecane) to study 
the effect of dilution on the viscosity and density of both samples. The crude oil-
alkanes mixtures were again vacuum filtered prior to the experiment. The solid 
deposits included additional asphaltenes that might have come out of solutions on 
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addition of alkanes and were collected on 0.45 µm polytetrafluoroethylene 
hydrophobic filter paper. The filter paper was weighed before and after the filtration 
to determine the weight of any solid deposits. 
Molar masses are needed in order to apply the Dymond-Assael (DA) model
2-3
. As the 
added hydrocarbons used for the mixtures are simple linear hydrocarbons, their 
molecular structures and molar masses are well known. The molar mass of crude oil 
varies due to the complex nature of the hydrocarbons present. Size exclusion 
chromatograph (SEC) was used to determine the mean molar mass of the crude oils as 
described in following section 8.3.  
 
8.3   Size Exclusion Chromatography (SEC) 
 
SEC (also known as Gel Permeation or Gel Filtration Chromatography) is a liquid 
chromatography technique that separates molecules according to their size within a 
solution
4
. SEC has been used to characterise complex hydrocarbon mixtures, which 
determining the mass ranges of samples beyond the normal gas chromatography 
range
5
. 
The separation is not based on chemical interactions but rather on the ability of 
molecules to penetrate the pores of the stationary phase. The sample is introduced into 
the column, filled with a rigid, porous particle packing and is carried through the 
column by a solvent
6
. The small molecules can diffuse into the pores, while larger 
molecules are excluded from the pores. Since the liquid volume outside the particles 
is available for the larger molecules, they travel through the column quickly and exit 
first. Small molecules however have the entire liquid volume available including that 
within the packing pores and thus they take longer to exit from the column
7
. Retention 
time can be calibrated against solute molecular weight using a series of polymer and 
other standards. 
The calibration and experimental setup has been described by Berrueco et al
5
. The 
following table 8.1 summarises the specification of SEC, which was used to 
determine the molecular weight of the crude oil samples. 
 
 
 
 
                 8. Crude Oil Viscosity Measurement and Prediction   
119 
 
Table 8.1 :   Specification of Size Exclusion Chromatography Analysis 
Column Polystyrene/Polyvinyl benzene - packed mixed D column 
 
with 5 µm particles, column length L = 300 mm,   
 
column diameter d =7.5 mm, 
Flow Rate 0.5 ml min
-1
 
Carrier NMP / CHCl3 (6:1) 
Column Temp 353.15 K 
Sample Injection Volume 20 µl 
Detector Perkin-Elmer LC290 Variable Wavelength UV-Absorbance  
 
The following figure 8.1 presents the SEC chromatograms of the two crude oil 
samples. 
 
Figure 8.1: Log10 [M/(g·mol
-1
)] versus elution time for Crude Oil Samples using 6:1 
NMP/CHCl3 mixture as eluent. – ; PS Calibration 1,  – ; Polyaromatic and other 
small hydrocarbons calibration  1,  – ; Crude Oil A, – ; Crude Oil B   
 
The parameters of the calibration line 1(blue) were determined from the linear region 
of the polystyrene calibration curve in Berrueco et al
5
, represented by 
 
Mr,ps1 = 10.043 – 0.3689 (t / min)            11 < t / min < 19.5           (8.1) 
Calibration line 2 at higher retention times was obtained
5
 using a series of 
polyaromatic hydrocarbons and other low molecular weight (up to 573) hydrocarbons, 
and is given by: 
Mr,ps2 = 6.9435 – 0.2098 (t / min)           19.5 < t / min < 28            (8.2) 
where t = elution time  
The molecular weight corresponding to the changeover time, 19.5 min, is 580. 
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In order to determine the crude oil molecular weight distributions from the elution 
curves in Figure 8.1, each elution time ti was converted to a molecular weight Mi 
using curves (8.1) and (8.2) to generate a distribution curves of relative intensity (It) 
versus Mi. Average molecular masses can then be determined from these distributions 
as follows: 
                          ̅  
∑     
 
   
∑   
 
   
                      
 
                          ̅  
∑     
  
   
∑     
 
   
                    
                                , the number of moles of species of molecular 
weight Mi. 
The calculated molar masses of both crude oil samples are summarised in following 
table 8.2. 
Table 8.2 : Molar masses of crude oil samples 
Sample Mw / (g·mol
-1
) 
A 663 
B 670 
 
This analysis suggests that the two North Sea crude oils have essentially the same 
mean molecular weight.  This is as expected from Figure 8.1 where both the peak 
values (~19.5 min) and shapes of the two distributions can be seen to be very similar. 
Indeed these distributions are almost identical to that obtained for a North Sea crude 
in the paper by Berrueco et al
5
, which had a peak at ~19.5 min, corresponding to M ~ 
600 according to this calibration.  In fact crude oil A has a higher viscosity and 
density than crude oil B, which must be due to differences in the precise chemical 
composition of the (heavier) components rather than to the small molecular weight 
differences. 
Some comment is warranted here on the values obtained for Mw in Table 8.2. Values 
around 670 correspond to a mean carbon number of about 50, which is well above the 
chain length at which hydrocarbons are solid under ambient conditions.  Crude oils A 
and B flow freely with a viscosity of about 100mPas at ambient temperature and 
pressure, which suggests a mean carbon number no higher than 20, or M ~ 280. For 
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comparison, Ibrahim et al
11
 determined the molecular masses of six crude oil samples 
using the depression of the freezing point method; the molecular masses of the 
different samples were found to be in the region of 210 g/mol, corresponding to C~15.  
So although the results of this study appear entirely consistent with the findings of 
Berrueco et al
5
, some doubt must be cast on the applicability of the calibration curves 
to relatively light hydrocarbons of the type studied here.  A calibration curve obtained 
using linear and branched hydrocarbons would be a useful check in future studies.  
These inconsistencies illustrate that the determination of reliable values for the 
molecular weight distributions of crude oil samples is still far from routine, and 
remains a critical future research issue.  
A value of mean molar mass is needed for the application of the Dymond-Assael 
effective hard-sphere model to the viscosity of these crude oil samples (see sections 
8.4 to 8.7).  The consequence of the above uncertainties for the implementation and 
validity of this model for such complex liquid mixtures is discussed in section 8.5. 
 
 
8.4   Crude Oil Sample A 
 
The viscosity and density of filtered crude oil were measured along four isotherms 
from (323.15 K to 448.15) K at pressures up to 90 MPa and the results are presented 
in appendix (B) table (B.1). At the lower temperatures T = 323.15 K, the maximum 
measureable viscosity (321 mPa·s) value was obtained at a pressure of 70 MPa. This 
was due to the vibrating wire (d = 150 µm) becoming less sensitive to higher 
viscosities making it impossible for the apparatus to obtain a useable for η > 320 
mPa·s. The experimental viscosity and density data at different isotherms as a 
function of pressure are shown in figures 8.2 and 8.3.  
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Figure 8.2: Experimental density ρexp of crude oil A as a function of pressure : ♦, T  = 323.15 K; ■, T = 
348.15 K  ; ▲ T = 398.15 K; + T = 448.15 K. 
 
Figure 8.3: Plot of semi-logarithmic experimental viscosity ηexp of crude oil A as a function of pressure 
: ♦, T  = 323.15 K; ■, T = 348.15 K  ; ▲ T = 398.15 K; + T = 448.15 K. 
 
As expected, the viscosity and density of crude oil A decrease with increasing 
temperature and pressure. 
 
The experimental viscosity and density data were correlated using equations
8
 (7.1 and 
7.11) and the quality of these correlations are illustrated in figures 8.4 and 8.5 for the 
density and viscosity respectively. The corresponding coefficients are listed in tables 
8.13 and 8.14 (column 1, w1=1) 
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Figure 8.4: Fractional deviation of the density of crude oil A from eq (7.11) as a function of pressure:      
+, T  = 323.15 K; ♦, T = 348.15 K  ;■ T = 398.15 K; ▲ T = 448.15 K. 
 
 
Figure 8.5: Fractional deviation of the viscosity of crude oil A from eq (7.1) as a function of pressure:      
+, T = 323.15 K; ♦, T = 348.15 K; ■ T = 398.15 K; ▲ T = 448.15 K. The dotted line represents the 
uncertainty of the eq (7.1). 
 
From Fig (8.4), it can be concluded that an excellent correlation was obtained with 
small deviations (± 0.02%) for the density data measured in this work, the fit being 
well within the experimental error (equation deviations ± 0.2%).   In case of Fig (8.5), 
most of the points lie within the ± 2% region (viscosity uncertainty), however a few 
points lie out the uncertainty range, which may indicate that these points have a larger 
uncertainty.   
Figure 8.6 presents the deviations of the experimental data from a fit to the hard- 
sphere theory of Dymond and Assael
8-9
. Coefficients used in the model can be found 
in table 8.12 in section 8.8. 
 
Figure 8.6: Fractional deviation of the viscosity of crude oil A from the hard-sphere model (equation 
7.7) as a function of pressure: ♦, T  = 323.15 K; ■, T = 348.15 K  ; ▲ T = 398.15 K; × T = 448.15 K. 
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values of roughness factor (Rη) and temperature dependent molar volume (V0).  It is 
encouraging to find that DA hard-sphere model was able to correlate the results of the 
complex, multi-component crude oil A to within ± 4 %, consistent with the normal 
accuracy of applying this model to simple liquid mixtures of ± 5%. 
 
The molecular weight of the crude oil needed in equation (6.16) was taken to be the 
value in Table 8.2 determined by SEC, 663.  It was pointed out in section 8.3 that this 
value looks too high for a freely-flowing oil.  The consequences of the uncertainty in 
M for the application and validity of the DA model for crude oils will be discussed 
later (see section 8.5), where it will be demonstrated that as long as a consistent value 
of M is used for both calibration of the model and its use for viscosity prediction, the 
DA procedure remains valid and its accuracy is relatively insensitive to the precise 
value of M used.  
 
8.4.1   Crude Oil Sample A plus Hydrocarbon Mixture    
 
To investigate the effect of diluent addition and the predictive ability of the Dymond- 
Assael model for diluted crude oil, crude oil A was then mixed with different 
concentrations of the benchmark mixture (n-octane, n-dodecane and n-hexadecane). 
The viscosity and density of diluted crude oil samples at different concentrations were 
measured along four isotherms from 323.15 K to 448.15 K at pressures up to 100 
MPa and the results are presented in appendix (B) tables (B.2 to B.4). The following 
table 8.3 summarises the different compositions of crude oil and hydrocarbon 
mixtures investigated. 
Table 8.3 : Mixture composition of crude oil A (1) + n-octane (2) +  n-dodecane (3) 
 + n-hexadecane (4) , wi = mass fraction ,  xi = mole fraction 
Mixture w1 w2 w3 w4 x1 x2 x3 x4 
M1 0.000 0.333 0.334 0.333 0.000 0.460 0.309 0.232 
M2 0.248 0.252 0.251 0.249 0.072 0.428 0.286 0.213 
M3 0.489 0.166 0.171 0.174 0.186 0.367 0.253 0.194 
M4 0.737 0.087 0.086 0.089 0.401 0.276 0.183 0.141 
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The following diagrams 8.7 and 8.8 show the change in the density and viscosity of 
crude oil A as a function of pressure at a temperature of 348.15 K. 
 
Figure 8.7: Experimental density ρexp of crude oil A (1) with n-octane (2) + n-dodecane (3) + n-
hexadecane (4) at T = 348.15 K as a function of pressure p; ●, w1 = 1; ×, w1 = 0.737 (M4); ▲,  w1 = 
0.489 (M3); ■, w1 = 0.248 (M2); ♦, w1 = 0 (M1);  
 
 
Figure 8.8: Plot of semi-logarithmic experimental viscosity ηexp of crude oil A (1) with n-octane (2) + 
n-dodecane (3) + n-hexadecane (4) at T = 348.15 K as a function of pressure p; ●, w1 = 1; ×, w1 = 0.737 
(M4); ▲, w1 = 0.489 (M3); ■, w1 = 0.248 (M2); ♦, w1 = 0 (M1);  
 
It is clear from figures 8.7 and 8.8 that as the crude oil concentration decreases in the 
mixture, its viscosity and density decrease as expected. However particularly for 
viscosity, the effect of alkane dilution is non-linear, the largest effect occurring during 
the initial dilution stage as the concentration of crude oil deceases from w1= 1 to w1= 
0.737.   
The figures 8.9 and 8.10 show the change in the density and viscosity of diluted crude 
oil A as a function of concentration and temperature. 
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Figure 8.9: Experimental density ρexp of crude oil A (1) plus diluent benchmark mixture (2) (n-octane + 
n-dodecane + n-hexadecane) at a pressure of 1 MPa, as a function of concentration w1; ♦, T = 323.15 K, 
■, T = 348.15 K, ▲, T = 398.15 K   
 
Figure 8.10: Plot of semi-logarithmic experimental viscosity ηexp of crude oil A (1) plus diluent 
benchmark mixture (2) (n-octane + n-dodecane + n-hexadecane) at a pressure of 1 MPa, as a function 
of concentration w1 ; ♦, T = 323.15 K, ■, T = 348.15 K, ▲, T = 398.15 K   
 
8.4.2 Prediction of Properties of Diluted Crude Oil A 
 
The experimental viscosity and density of hydrocarbon mixtures M2, M3 and M4 
have been measured along four isotherms from (323.15 K to 448.15) K at maximum 
pressure of 100 MPa. 
The ability of the Dymond-Assael model to predict the viscosity of this four 
component mixture, from the model parameters already determined for the pure 
components were tested. The following mixing rules were applied for the V0, Rη and 
Mη for the prediction of hydrocarbon mixtures
9-10
. 
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The deviations of the predicted viscosities from the experimental data of are shown in 
figure 8.11. 
 
Figure 8.11: Deviation of experimental viscosity of crude oil A diluted with hydrocarbon mixture from 
the DA hard-sphere model for mass fraction; ▲ = M2; ■ = M3; ♦ = M4 
 
This shows that the Dymond-Assael (DA) hard-sphere model not only provides an 
excellent correlation for individual hydrocarbons but can also provide reasonable 
predictions for hydrocarbon mixtures by using simple linear mixing rules.  
 
The predictive performance of the hard-sphere model for crude oil mixtures is 
summarised in table 8.4. At the highest concentration of crude oil (M4), the model 
predicts the viscosity of the mixture with average deviation of 15.2 % and a maximum 
deviation 29.5 %. As the concentration of crude oil decreases within the mixture, the 
model prediction improves significantly, the viscosities of mixtures M3 and M2 being 
predicted with 4.3 % and 2.2 % respectively.  
This is consistent with previous observations (chapter 7) that the DA model is less 
accurate when applied to mixture involving molecules of very different molecular 
weights. 
 
Table 8.4 : Predictive performance of hard-sphere model for crude oil A mixtures (M2-M4) 
using mass fraction 
Mixture  
10
2ΔAAD,η 10
2ΔMAD,η 10
2Δbias,η 
M2 2.2 4.5 0.9 
M3 4.3 13.4 3.9 
M4 15.2 29.5 15.2 
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For the above prediction of the viscosity of diluted crude oil A with hydrocarbon 
mixture, mass fractions of components were used for the mixing rules. However if we 
consider using mole fraction for mixing rules, the difference can be summarised by 
the following table 8.5, 
 
Table 8.5 : Predictive performance of hard-sphere model for crude oil A mixtures (M2-M4)  
using mole fraction 
Mixture  
10
2ΔAAD,η 10
2ΔMAD,η 10
2ΔBias,η 
M2 3.1 9.4 0.7 
M3 6.3 20.5 3.0 
M4 10.5 30.9 10.5 
 
In most cases the predictions are worse than for the mass fraction options. 
 
8.5   Crude Oil Sample B 
 
The viscosity and density of crude oil B were measured along seven isotherms from 
(298.15 K to 448.15) K at a maximum pressure of 135 MPa and the results are 
presented in appendix (B) table (B.5). At T = 298.15 K, viscosity (335 mPa·s) and 
density (939.48 kg·m
-3
) values were only measured up to 70 MPa. However for other 
isotherms, it was possible to measure the viscosity and density values to the maximum 
pressure as the measured viscosity values were within the vibrating wire limit (d = 
150 µm). The experimental viscosity and density data at different isotherms as a 
function of pressure can be represented by the following figures 8.12 and 8.13. 
 
Figure 8.12: Experimental density ρexp of crude oil B as a function of pressure : ♦,  T  = 298.15 K; ■, T 
= 323.15 K  ; ▲ T = 348.15 K ; ×,  T  = 373.15 K; –, T = 398.15 K  ; ●, T = 423.15 K; +, T = 448.15 K  
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Figure 8.13: Plot of semi-logarithmic experimental viscosity ηexp of crude oil B as a function of 
pressure: ♦,  T  = 298.15 K; ■, T = 323.15 K  ; ▲ T = 348.15 K ; ×,  T  = 373.15 K; –, T = 398.15 K  ; 
●, T = 423.15 K; +, T = 448.15 K  
 
The viscosity and density data were correlated by equation (7.1 and 7.11) respectively 
and the quality of the correlations are illustrated in figures 8.14 and 8.15 for density 
and viscosity. The corresponding coefficients are listed in tables 8.15 and 8.16 
(column 1, w1=1) 
 
Figure 8.14: Fractional deviation of the experimental density of crude oil B from eq (7.11) as a function 
of pressure : ♦,  T  = 298.15 K; ■, T = 323.15 K  ; ▲ T = 348.15 K ; ×,  T  = 373.15 K; –, T = 398.15 K  
; ●, T = 423.15 K; +, T = 448.15 K  
 
Figure 8.15: Fractional deviation of the experimental viscosity of crude oil B from eq (7.1) as a 
function of pressure : ♦,  T  = 298.15 K; ■, T = 323.15 K  ; ▲ T = 348.15 K ; ×,  T  = 373.15 K; –, T = 
398.15 K  ; ●, T = 423.15 K; +, T = 448.15 K 
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The fit to the correlation equations for experimental density was excellent, all of the 
measured points being within ± 0.04 %. For viscosity most of the correlated points lie 
within the experimental error of ± 2 %. 
Again the viscosity data was fitted to the Dymond-Assael model, using the mean 
molar mass of 670 given in Table 8.1. The coefficients are given in table 8.12. The 
deviations of the model from the experimental data are shown in figure 8.16. The fit is 
as good as for the empirical correlation equation 7.1 above. 
 
 
Figure 8.16: Fractional deviation of the experimental viscosity of crude oil B from the DA hard-sphere 
model as a function of pressure: ♦,  T  = 298.15 K; ■, T = 323.15 K  ; ▲ T = 348.15 K ; ×,  T  = 373.15 
K; –, T = 398.15 K  ; ●, T = 423.15 K; +, T = 448.15 K 
 
The total estimated uncertainty of the hard-sphere model is generally expected to be 
within ± 5%.  It is encouraging that model provides an excellent correlation for crude 
oil experimental data, well within these limits and almost within experimental error as 
shown for both samples in figure 8.17a. 
 
Figure 8.17a: DA hard-sphere Correlation of experimental viscosity of crude oils ;  ■ =  crude oil A; ♦ 
=  crude oil B; 
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Despite the success of the DA pseudo hard-sphere model for both crude oils, it was 
pointed out in section 8.3 that there remains some uncertainty in the value of the mean 
molar mass, which is needed to apply the model to experimental data using equation 
(6.16). As described in that section, the molar masses of the crude oil samples were 
determined using size exclusion chromatography (SEC) but those values (~670 g/mol) 
could be in error by a factor of 2-3 too high.  Using M = 670, the DA model 
correlated the results of the complex, multi-component crude oils to within ± 5 %, 
consistent with the normal accuracy of applying this model to simple liquid 
hydrocarbon mixtures.  
 
As discussed in section 8.3, the molar masses determined in this work by SEC were 
found to be significantly higher than those determined by Ibrahim et al
11
, who using a 
depression of the freezing point method found molecular masses of six different oil 
samples to be in the region of 210 g/mol.  Consideration of the normal liquid range for 
alkanes also suggests a typical M of <250 g/mol.  The sensitivity of the application of 
the DA model to the value of molar mass used was investigated by repeating the DA 
correlation using a value of M = 210 g/mol, for both crude oil samples.  The 
correlation results using the hard-sphere model are presented in figure 8.17b. 
 
Figure 8.17b: DA hard-sphere Correlation of experimental viscosity of crude oils ;  ■ =  crude oil A; ♦ 
=  crude oil B; 
 
It can be concluded from figures 8.17 a and b that indeed a slightly better correlation 
was obtained for crude oil B since, using the lower molar mass, the absolute average 
deviation ΔAAD,η decreased from 0.8% to 0.7% and the maximum average deviation 
ΔMAD,η decreased from 2.8% to 1.9%, well within the expected total uncertainty of the 
pseudo-hard sphere model. For crude oil A, the absolute average deviation ΔAAD,η 
remained unchanged  at 1.2% and maximum average deviation ΔMAD,η also changed 
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from 2.8% to 1.9%. This demonstrates that, although using a lower value of molar 
mass can give some improvement in the ability of the DA model to correlate crude oil 
viscosity data, the model predictions are not too sensitive to the precise value of M 
used, to within a factor of two or more, provided that consistent values of Mw, V0 (T) 
and R are used for both calibration and prediction.  This means that the model is 
quite robust and the conclusions on its applicability to pure crude oils and their 
mixtures with n-alkanes, as discussed in this chapter, remain valid despite 
uncertainties in the precise value of the oil mean molar masses. 
 
8.5.1   Crude Oil Sample B with Hydrocarbon Mixtures 
 
For crude oil B, the effect of adding a benchmark n-alkane diluent was also 
investigated. The viscosity and density of diluted crude oil samples at different 
concentrations were measured along five isotherms from (298.15 K to 448.15) K at 
pressures up to 135 MPa and the results are presented in appendix (B) tables (B.6 to 
B.8). The following table 8.6 shows the compositions of the crude oil, n-octane, n-
dodecane and n-hexadecane mixtures. 
 
Table 8.6 : Mixture composition of crude oil B (1) + n-octane (2) +  n-dodecane (3) 
 + n-hexadecane (4), wi = mass fraction, xi = mole fraction 
Mixture w1 w2 w3 w4 x1 x2 x3 x4 
M1 0.000 0.333 0.334 0.333 0.000 0.460 0.309 0.232 
M2 0.249 0.250 0.247 0.254 0.073 0.427 0.282 0.218 
M3 0.498 0.168 0.166 0.168 0.189 0.374 0.248 0.189 
M4 0.745 0.085 0.086 0.084 0.406 0.273 0.185 0.136 
 
The following diagrams 8.18 and 8.19 show the change in the density and viscosity of 
crude oil A as a function of pressure at a temperature of 348.15 K. 
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Figure 8.18: Experimental density ρexp of crude oil B (1) with n-octane (2) + n-dodecane (3) + n-
hexadecane (4) at T = 348.15 K as a function of pressure p; ♦, w1 = 1;  ■, w1 = 0.745 (M4);  ▲,  w1 = 
0.498 (M3); ×, w1 = 0.249 (M2); ●, w1 = 0 (M1) 
 
Figure 8.19: Plot of semi-logarithmic experimental viscosity ηexp of crude oil B (1) with n-octane (2) + 
n-dodecane (3) + n-hexadecane (4) at T = 348.15 K as a function of pressure p; ; ♦, w1 = 1;  ■, w1 = 
0.745 (M4);  ▲,  w1 = 0.498 (M3); ×, w1 = 0.249 (M2); ●, w1 = 0 (M1) 
 
As expected, as the concentration of crude oil decreases within the solution, both the 
viscosity and density of the solution decrease. The decrease in density is also uniform 
in this case, but as for crude oil A, the viscosity decrease is most marked with the 
initial addition of diluent. These effects are emphasised in figures 8.20 and 8.21. 
 
Figure 8.20: Experimental density ρexp of benchmark mixture (1) (n-octane + n-dodecane + n-
hexadecane) plus crude oil B (2) as a function of concentration w1 ; ♦, T = 298.15 K 1MPa, ■, T = 
348.15 K 1MPa, ▲, T = 398.15 K at a pressure of 1MPa  
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Figure 8.21: Plot of semi-logarithmic experimental viscosity ηexp of benchmark mixture (1) (n-octane + 
n-dodecane + n-hexadecane) plus crude oil B (2) as a function of concentration w1 ; ♦, T = 298.15 K 
1MPa, ■, T = 348.15 K 1MPa, ▲, T = 398.15 K at a pressure of 1MPa  
 
8.5.2   Prediction of Hydrocarbon Mixture with Crude Oil B  
 
The viscosity of the crude oil B plus n-alkane diluent mixture were also investigated 
from the pure components viscosities using the DA hard-sphere model, as described 
in section 8.4.1 earlier. The deviations from the experimental data are shown in figure 
8.22. 
 
Figure 8.22: Deviation of experimental viscosity of crude oil with hydrocarbon mixtures from 
prediction of DA hard-sphere model; ♦ = M2; ■ = M3; ▲ = M4; 
 
In contrast to crude oil A plus diluent, it is clear that in this case the hard-sphere 
model under predicts most of the values of the hydrocarbon mixtures. The hard-sphere 
model predicts the viscosities of mixtures (M2, M3 and M4) with ΔAAD,η = 5 % , 
ΔAAD,η = 6.7 % and ΔAAD,η = 6.7 % respectively with maximum deviation from 8 to 15 
%. The predictive performance of the hard-sphere model for crude oil mixtures is 
summarised in the following table.  
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Table 8.7 : Predictive performance of hard-sphere model for crude oil B mixtures (M2-M4)  
using mass fraction 
Mixture  10
2ΔAAD,η 10
2ΔMAD,η 10
2Δbias,η 
M2 4.5 8.6 -4.3 
M3 6.7 15.9 -6.7 
M4 6.7 15.3 -6.5 
 
If we use mole fraction for the mixing rules, the model deviations are given in table 
8.8. 
 
Table 8.8 : Predictive performance of hard-sphere model for crude oil B mixtures (M2-M4)   
using mole fraction 
Mixture  10
2ΔAAD,η 10
2ΔMAD,η 10
2Δbias,η 
M2 5.0 21.1 2.7 
M3 6.1 14.5 -2.4 
M4 7.9 23.9 -2.4 
 
8.6   Asphaltene Precipitation 
 
 
Figure 8.23: Precipitation of asphaltene for as a function of mass fraction wi of crude oil ; ■ = crude oil 
A , ▲= centrifuged crude oil A, ♦ = crude oil B ;  
 
Some of the viscosity decrease observed in the previous sections was therefore 
probably due to the precipitation of those heavy hydrocarbon components and their 
subsequent removal by filtration.  It is clear from figure 8.23 that as the concentration 
of diluents (n-octane, n-dodecane and n-hexadecane) increases within the solution, the 
precipitation of asphaltene increases.  
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For mixtures M2 (75 % n-alkane diluents), considerable solid was precipitated for 
crude oil A than crude oil B. This may be due to the fact that the viscosity of crude oil 
A is significantly higher than crude oil B. However for other mixtures M3 and M4, 
smaller amount of solids were precipitated out and were similar for both crude oils. In 
fact for crude oil B, no further precipitation of solid particles occurred after 25 % 
diluent was added, whereas the amount precipitated increased with diluent 
concentration for crude oil A. For centrifuged crude oil A, similar behaviour is 
precipitation of solid was observed as of crude oil B. 
 
8.7   Centrifugation of Crude Oil Samples 
 
Tِhe crude oil samples contains not only a complex hydrocarbon mixture but also 
relatively small amounts of water and sand particles. The previous experiments were 
carried out without removing any water and sand particles. In a further study the 
effect of removing water and sand particles from the crude oil samples were 
investigated. An Accuspin 400 centrifuge was used to remove the water and sand 
from crude oil samples. In this process, the more dense particles move to the bottom 
of the centrifuge tubes and lighter fluids move in the opposite direction. The 
centrifuge process used was: 
 Centrifuge tubes were filled up to 40 ml with crude oil 
  4 or 6 centrifuge tubes filled with crude oil were placed into the centrifuge 
apparatus 
 Rotation speed of the apparatus was set at 8500 rpm for up to 45 minutes. 
The following diagrams compare centrifuge tubes before and after the centrifuge 
process. The water and clay particles are clearly visible at the bottom of the centrifuge 
tube. The tube contents can be divided into three different sections: 
i. Crude oil without water and sand particles.  
ii. Clay or sand particles 
iii. Water droplets 
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Figure 8.24: Crude oil before and after centrifugation process 
The upper layer of the crude oil was drawn from the tubes by a pipette and stirred 
prior to the experiments. 
 
8.7.1   Centrifuged Crude Oil Sample B 
 
In this section, the effects of centrifugation process on the viscosity and the density of 
the crude oil are presented. The above separation procedure for was applied to crude 
oil B sample and the viscosity and density of the supernatant crude oil (free of water 
and sand particles) were determined by the procedures described earlier. The results 
are shown in figures 8.25 and 8.26.  
 
 
Figure 8.25: Experimental density ρexp of crude oil B at T = 298.15 K as a function of pressure p, ♦ ; 
original crude oil , ■ ; centrifuged crude oil 
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Figure 8.26: Experimental viscosity ηexp of crude oil B at T = 298.15 K as a function of pressure p, ♦ ; 
original crude oil , ■ ; centrifuged crude oil 
 
It can be seen from above figures 8.25 and 8.26 that the centrifuging process 
decreases the viscosity and density of crude oil B, due to the significant amount of 
solids were removed from the centrifuged crude oil B. At a pressure p = 1MPa and 
198.15 K, the viscosity of crude oil B decreases from 83.2 mPa·s to 35.5 mPa·s and its 
density from 910.7 kg·m
-3
 to 890.3 kg·m
-3
. Similar decreases in the viscosity and 
density of crude oil B were also observed for different isotherms. 
The viscosity and density of centrifuged crude oil B were measured along four 
isotherms from (298.15 K to 373.15) K at pressures up to 135 MPa the results are 
presented in appendix (B) tables (B.9). The experimental viscosity and density were 
fitted to equations 7.1 and 7.11 and corresponding coefficients are listed in tables 8.17 
and 8.18 and the quality of correlations is shown in figures 8.27 and 8.28. 
 
Figure 8.27: Fractional deviation of the experimental density ρexp of centrifuged crude oil B from eq 
(7.11) as a function of pressure : ♦,  T  = 298.15 K; ■, T = 323.15 K  ; ▲ T = 348.15 K ; ×,  T  = 373.15 
K;  
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Figure 8.28: Fractional deviation of the experimental viscosity ηexp of centrifuged crude oil B from eq 
(7.1) as a function of pressure : ♦,  T  = 298.15 K; ■, T = 323.15 K  ; ▲ T = 348.15 K ; ×,  T  = 373.15 
K;  
 
Figure 8.29 presents the deviations of the experimental data from a fit to the hard- 
sphere theory of Dymond and Assael. Coefficients used in the model can be found in 
table 8.12 in section 8.8 
 
Figure 8.29: Fractional deviation of the experimental viscosity of centrifuged crude oil B from hard- 
sphere model as a function of pressure: ♦,  T  = 298.15 K; ■, T = 323.15 K  ; ▲ T = 348.15 K ; ×,  T  = 
373.15 K;  
It can be seen that equation 7.11 provided excellent correlations for experimental 
density data within ± 0.05%. The viscosity data was also fitted by equation 7.1 to 
within ±2 % and to DA hard-sphere model to within ±5 %.  
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For crude oil B, the centrifugation process on the crude oil decreased its viscosity and 
density. However after a similar treatment for crude oil A, the viscosity remained 
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increased (e.g. 893.9 to 897.6 kg·m
-3
 at p = 1 MPa), which are illustrated in figures 
8.29 and 8.30. The crude oil batches for the centrifugation process were taken from oil 
sample drum at different time periods. It was always ensured that sufficient mixing of 
crude oil within the drum was carried out before crude sample was taken out for the 
experiments. However it was suspected that these unexpected results might be due to 
change in oil composition as the sample drum becomes less full.  
In order to investigate the effect of crude oil taken out at different time periods on the 
viscosity and density, another batch of crude oil was sampled from the drum. The 
crude oil batch II was vacuum filtered prior to the experiments using exactly the same 
procedure as was carried out on the original non-centrifuged crude oil, which we now 
label batch I. The difference in the viscosity and the density of different crude oils 
batches I and II along with centrifuged crude oil is illustrated in figures 8.30 and 8.31. 
 
Figure 8.30: Experimental density ρexp of crude oil A at T = 348.15 K as a function of pressure p, ♦ ; 
original crude oil (Batch I) , ■ ; centrifuged crude oil, – ; original crude oil (Batch II)  
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Figure 8.31: Experimental viscosity ηexp of crude oil A at T = 348.15 K as a function of pressure p, ♦ ; 
original crude oil (Batch I) , ■ ; centrifuged crude oil, – ; original crude oil (Batch II)  
 
The viscosity and the density of crude oil batch II was only measured at T = 348.15 K 
up to a maximum pressure of p = 100 MPa. It is clear from the above figures 8.29 and 
8.30, that the viscosity (22.02 to 24.53 mPa·s at p = 1 MPa) and density (893.9 to 
900.9 kg·m
-3
 at p = 1 MPa) of the new batch II is higher than both the filtered crude 
oil batch I and the centrifuged crude oil.  
 
It is likely that when the crude oil drum is almost full, different batches of crude oil 
can be drawn out with almost similar hydrocarbon compositions. As the crude oil is 
removed there will be some density segregation which is not completely removed by 
mixing at each withdrawal stage. At low levels of crude oil within the oil drum, the 
viscosity and density values increase from batch to batch, as the oil becomes more 
enriched with heavier hydrocarbons. Some of the observed variability simply comes 
from the difference between the initial crude oil samples prior to filtration, 
centrifugation and dilution. 
The viscosity and density of centrifuged crude oil A were measured along four 
isotherms from (298.15 to 373.15) K at pressures up to 135 MPa the results are 
presented in appendix (B) table (B.10). The experimental viscosity and density were 
correlated by equations 7.1 and 7.11 and the quality of these correlations is 
summarized in figures 8.32 and 8.33. 
 
Figure 8.32: Fractional deviation of the experimental density ρexp of centrifuged crude oil A from eq 
(7.11) as a function of pressure : ♦,  T  = 323.15 K; ■, T = 348.15 K  ; ▲ T = 373.15 K ; ×,  T  = 398.15 
K;  
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Figure 8.33: Fractional deviation of the experimental viscosity ηexp of centrifuged crude oil A from eq 
(7.1) as a function of pressure : ♦,  T  = 323.15 K; ■, T = 348.15 K  ; ▲ T = 373.15 K ; ×,  T  = 398.15 
K;  
It can be seen that for all the crude oil samples, equation 7.11 provides excellent 
correlation for experimental density data with ± 0.04% well within the experimental 
error. The viscosity data were also fitted by the correlation of equation 7.1 within ±2 
%. The corresponding coefficients are listed in tables 8.19 and 8.20 (column 1, w1=1) 
Figure 8.34 presents the deviations of the experimental data from a fit to the hard- 
sphere theory of Dymond and Assael within ±3 %. Coefficients used in the model can 
be found in table 8.12 in section 8.8 
 
Figure 8.34: Fractional deviation of the experimental viscosity of centrifuged crude oil A from the 
hard- sphere model as a function of pressure : ♦,  T  = 323.15 K; ■, T = 348.15 K  ; ▲ T = 373.15 K ; ×,  
T  = 398.15 K;  
 
8.7.2.1  Centrifuged Crude Oil A with Hydrocarbon Mixtures 
 
The centrifuged crude oil A sample was diluted with the standard hydrocarbon 
mixture n-octane, n-dodecane and n-hexadecane. The viscosity and density of diluted 
crude oil samples at different concentrations were measured along five isotherms from 
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appendix (B) tables (B.11–B.13).The following table 8.9 shows the compositions of 
the crude oil with diluents. 
Table 8.9 : Mixture composition of centrifuged crude oil A (1) + n-octane (2) +  n-dodecane (3) 
 + n-hexadecane (4), wi = mass fraction, xi = mole fraction 
Mixture w1 w2 w3 w4 x1 x2 x3 x4 
M1 0.000 0.333 0.334 0.333 0.000 0.460 0.309 0.232 
M2 0.249 0.251 0.250 0.249 0.080 0.424 0.284 0.212 
M3 0.500 0.167 0.167 0.166 0.208 0.364 0.245 0.183 
M4 0.748 0.083 0.082 0.087 0.440 0.257 0.169 0.135 
 
Figures 8.35 and 8.36 show the change in density and viscosity of centrifuged crude 
oil A as a function of pressure and concentration at T = 348.15 K. 
 
Figure 8.35: Experimental density ρexp of centrifuged crude oil A (1) with n-octane (2) + n-dodecane 
(3) + n-hexadecane (4) at T = 348.15 K as a function of pressure p; ♦, w1 = 0 (M1);  ■, w1 = 0.249 
(M2);  ▲,  w1 = 0.500 (M3); ×, w1 = 0.748 (M4); ●, w1 = 1; 
 
Figure 8.36: Experimental density ηexp of centrifuged crude oil A (1) with n-octane (2) + n-dodecane 
(3) + n-hexadecane (4) at T = 348.15 K as a function of pressure p; ♦, w1 = 0 (M1);  ■, w1 = 0.249 
(M2);  ▲,  w1 = 0.500 (M3); ×, w1 = 0.748 (M4); ●, w1 = 1; 
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It can be seen that the densities and viscosities of these diluted samples (figure 8.34 
and 8.35) are greater than those of the diluted filtered sample I (figure 8.7 and 8.8). 
 
8.7.2.2  Prediction of Centrifuged Crude Oil Sample A Mixtures 
by Hard-Sphere Model 
 
The experimental viscosity and density of hydrocarbon mixtures M2, M3 and M4 
were measured along four isotherms from (298.15 to 398.15) K at maximum pressure 
of 135 MPa. The DA hard-sphere model was used to predict the viscosity of these 
mixtures from the pure component viscosities. The performance of hard-sphere model 
can be seen in figure 8.37. 
 
Figure 8.37: Deviation of experimental viscosity of centrifuged crude oil A with hydrocarbon mixtures 
from hard-sphere model; ♦ = M2; ■ = M3; ▲ = M4 
 
From figure 8.37 it is clear that the DA hard-sphere model tends to under predicts 
viscosity at low pressures and over-predicts at high pressures. The average, maximum 
and biased deviations from the data are summarised in table 8.10. The performance is 
again encouraging with mean deviations ranging from 2.8 to 8.6 % and maximum 
deviation of less than 20 % in all cases. 
 
Table 8.10: Predictive performance of hard-sphere-model for centrifuged crude oil A mixtures (M2 to 
M4) using mass fraction 
Mixture  10
2ΔAAD,η 10
2ΔMAD,η 10
2Δbias,η 
M2 8.6 18.2 -7.5 
M3 2.8 13.4 1.4 
M4 4.1 18.9 3.8 
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Table 8.11 shows that using mole rather than mass fractions for the DA model mixing 
rules results in a significant poorer prediction of viscosity for crude oil diluent 
mixtures. 
Table 8.11 : Predictive performance of hard-sphere model for centrifuged crude oil A mixtures 
(M2 to M4) using mole fraction 
Mixture  10
2ΔAAD,η 10
2ΔMAD,η 10
2Δbias,η 
M2 12.9 27.6 12.9 
M3 6.2 24.2 3.6 
M4 7.6 28.4 5.4 
 
8.8   Summary of DA Hard-Sphere Model for Crude Oil 
Samples  
 
The DA hard-sphere model parameters molar volume (V0) and roughness factor (Rη) 
as a function of temperature for both crude oil samples with and without 
centrifugation process are summarised in figure 8.38 and table 8.12, 
 
Figure 8.38: Molar volume (V0) as a function of temperature K, ♦, Crude oil sample A;  ■, Crude oil 
sample B;  ▲, Centrifuged crude oil sample A ; ×, Centrifuged crude oil sample B  
 
The mean molar masses of the oils after centrifugation were re-determined by the 
SEC method described in section 8.3.  The value for oil A decreased by 5% to 
630g/mol whereas that for oil B was reduced by 45% to 465 g/mol, reflecting the 
larger amount of (asphaltene) solids removed and the consequent significant 
reductions in both density and viscosity. These values were used in equation (6.16) in 
the determination of the other model parameters.  However, as shown in section 8.5, if 
the real mean molar masses turned out to be different, this would simply require a re-
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determination of V0(T) and R. The values of V0 for crude oil A are slightly greater 
than those for crude oil B, decreasing smoothly with temperature as expected. 
However after the centrifugation process, V0(T) remained essentially unaltered for oil 
A (as expected), whereas V0(T) was reduced considerably for crude oil B. The 
roughness factor Rη was essentially the same for both oils and was unchanged for the 
centrifuged samples as presented in Table 8.12 
 
Table 8.12 : Parameters of eqs (7.7 ) to (7.10) for viscosity of crude oil samples 
Coefficients  Crude Oil A Centrifuged Crude Oil A Crude Oil B Centrifuged Crude Oil B 
Mw (g/mol) 663 630 670 465 
Rη 3.05 3.07 3.08 2.96 
go     8.91 × 10
2
     8.45 × 10
2
    9.07 × 10
2
    6.76 × 10
2
 
g1    -1.57 × 10
0
    -1.68 × 10
0
    -1.66 × 10
0
    -1.50 × 10
0
 
g2    2.72 × 10
-3
    2.93 × 10
-3
    2.87 × 10
-3
    2.79 × 10
-3
 
10
2ΔAAD,η 0.9 0.8 1.2 1.6 
10
2ΔMAD,η 3.9 2.8 3.9 4.9 
10
2Δbias,η 0.01 0.01 0.11 0.06 
 
8.9   Conclusions  
 
In this chapter the values of the viscosity and density (η, ρ) of two crude oil samples 
A and B were measured using a vibrating wire viscometer and u-tube densimeter 
respectively at temperatures ranging from (298.15 to 448.15) K and pressures up to 
135 MPa. Both crude oil samples were mixed with different amounts of a benchmark 
alkane mixture (n-octane, n-dodecane and n-hexadecane) to investigate the effects of 
both dilution and possible asphaltene deposition. The effect of sampling the crude oils 
from their original large container and removing solids by filtration or centrifugation 
were also observed. 
 
Whilst the crude oils were found to have almost identical mean molar masses, their 
viscosities were found to be significantly different as well as their response to dilution 
by the n-alkane mixture. This is thought to be due to the large amount of asphaltenes 
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contained by crude oil A. The experimental data were fitted to empirical correlations 
(equations 7.1 and 7.11) well within their experimental error (± 0.2 % for density and 
± 2 % for viscosity). A very encouraging finding was that both crude oil samples were 
fitted by the Dymond-Assael hard-sphere model for viscosity to within the uncertainty 
of the experimental data at all temperatures and pressures. This implies that despite its 
molecular complexity a crude oil may be regarded as a single pseudo component 
having the mean molar mass of the crude oil with a temperature dependent pseudo 
hard-sphere volume, which is a characteristic of that crude oil. The roughness 
parameter Rη which characterises anisotropic or shape dependent contribution to the 
viscosity was essentially the same for both oil samples.  
 
Furthermore, the viscosity of the crude oils diluted with a mixture of n-alkane could 
be predicted over a wide range of temperatures, pressures and compositions to within 
a mean deviation of < 10 % by the DA hard-sphere model, using the model 
parameters for the pure components and parameters mixing rules based on the 
component mass fractions. Although only two crude oils were studied in this work, 
this gives encouragement that a limited number of viscosity/density measurements on 
a crude oil to determine the DA parameters V0 (T) and Rη should be capable of 
calibrating the model to predict the viscosity over a wide range of temperatures and 
pressures, and enable viscosity change to be predicted when crude oils are mixed with 
other components whose DA parameters are known. 
 
This work has shown that care needs to be taken to ensure that representative small 
samples are taken from large stocks of crude oil and that the nature of the pre-
treatment of the oil samples to remove the solids can lead to different results. For 
crude oil B, the centrifugation process reduced its viscosity and density as expected. 
In contrast an increase in the viscosity and density of the crude oil A were observed 
after the centrifugation process. It has been shown that the likely cause of this was due 
to sampling from the oil drum with later crude oil batches being enriched in heavier 
components. 
 
 
 
                 8. Crude Oil Viscosity Measurement and Prediction   
148 
 
8.10  Coefficients of Density and Viscosity Correlations 
 
The following tables (8.12 to 8.20) gives the coefficients for the density (equation 
7.11 to 7.13) and viscosity (equation 7.1 to 7.3) correlations used to fit the data 
reported in this chapter.  
 
ΔAAD%= Absolute average deviation 
ΔMAD% = Maximum average deviation  
Δbias% = Average bias deviation 
 
Table 8.13 : Coefficients of equations (7.11) to (7.13) for density and statistical parameter for 
 the system of Crude Oil A (1) + n-octane (2) + n-dodecane (3) + n-hexadecane (4) 
Coefficients w1 = 1 w1 = 0.737 w1 = 0.489 w1 = 0.248 
a0    1.08 × 10
3
    1.02 × 10
3
    9.73 × 10
2
    9.30 × 10
2
 
a1   -4.34 × 10
-1
   -4.88 × 10
-1
   -3.44 × 10
-1
   -3.56 × 10
-1
 
a2   -3.01 × 10
-4
   -3.24 × 10
-4
   -5.09 × 10
-4
   -5.37 × 10
-4
 
b0    3.52 × 10
2
    3.22 × 10
2
    3.38 × 10
2
    3.19 × 10
2
 
b1   -8.80 × 10
-1
   -8.57 × 10
-1
   -1.00 × 10
0
   -9.88 × 10
-1
 
b2    5.09 × 10
-4
    5.27 × 10
-4
    7.39 × 10
-4
    7.69 × 10
-4
 
C    1.85 × 10
-1
    2.00 × 10
-1
    1.92 × 10
-1
    1.95 × 10
-1
 
10
2ΔAAD,ρ 0.01 0.04 0.01 0.02 
10
2ΔMAD,ρ 0.02 0.10 0.03 0.05 
10
2Δbias,ρ 0.00 0.00 0.00 0.00 
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Table 8.14: Coefficients of equations (7.1 ) to (7.3) for viscosity and statistical parameter for 
 the system Crude Oil A (1) + n-octane (2) + n-dodecane (3) + n-hexadecane (4) 
Coefficients w1 = 1 w1 = 0.737 w1 = 0.489 w1 = 0.248 
Aη    6.30 × 10
-2
    3.20 × 10
-2
    3.28 × 10
-2
    1.60 × 10
-2
 
Bη   9.67 × 10
2
   1.05 × 10
3
   1.01 × 10
3
   1.31 × 10
3
 
Cη   1.83 × 10
2
   1.13 × 10
2
   1.02 × 10
2
   2.89 × 10
1
 
do    -2.10 × 10
0
    -5.74 × 10
0
    -3.53 × 10
0
    5.06 × 10
0
 
d1   4.07 × 10
3
   3.23 × 10
3
   2.21 × 10
3
   -4.34 × 10
3
 
d2   7.12 × 10
-1
   6.12 × 10
-1
   7.00 × 10
-1
   1.15 × 10
6
 
eo    -1.17 × 10
3
    5.90 × 10
2
    5.11 × 10
2
    1.40 × 10
3
 
e1   7.83 × 10
0
   -5.91 × 10
-1
   -7.03 × 10
-1
   -5.50 × 10
0
 
e2    -9.04 × 10
-3
    -1.11 × 10
-3
    -4.75 × 10
-4
    5.68 × 10
-3
 
10
2ΔAAD,η 0.90 0.33 0.44 0.25 
10
2ΔMAD,η 4.22 1.10 1.49 1.03 
10
2Δbias,η 0.01 0.00 0.00 0.00 
 
Table 8.15: Coefficients of equations (7.11) to (7.13) for density and statistical parameter for 
 the system Crude Oil B (1) + n-octane (2) + n-dodecane (3) + n-hexadecane (4) 
Coefficients w1 = 1 w1 = 0.745 w1 = 0.498 w1 = 0.249 
a0    1.08 × 10
3
    1.04 × 10
3
    9.96 × 10
2
    9.46 × 10
2
 
a1   -4.83 × 10
-1
   -5.01 × 10
-1
   -5.19 × 10
-1
   -4.30 × 10
-1
 
a2   -2.66 × 10
-4
   -2.70 × 10
-4
   -2.81 × 10
-4
   -4.35 × 10
-4
 
b0    3.87 × 10
2
    3.69 × 10
2
    3.38 × 10
2
    3.47 × 10
2
 
b1   -1.06 × 10
0
   -1.05 × 10
0
   -1.03 × 10
0
   -1.10 × 10
0
 
b2    7.35 × 10
-4
    7.48 × 10
-4
    7.97 × 10
-4
    8.97 × 10
-4
 
C    1.93 × 10
-1
    1.98 × 10
-1
    1.95 × 10
-1
    2.01 × 10
-1
 
10
2ΔAAD,ρ 0.01 0.01 0.04 0.01 
10
2ΔMAD,ρ 0.04 0.03 0.19 0.04 
10
2Δbias,ρ 0.00 0.00 0.00 0.00 
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Table 8.16: Coefficients of equations (7.1) to (7.3) for viscosity and statistical parameter for 
 the system Crude Oil B (1) + n-octane (2) + n-dodecane (3) + n-hexadecane (4) 
Coefficients w1 = 1 w1 = 0.745 w1 = 0.498 w1 = 0.249 
Aη    8.36 × 10
-2
    7.04 × 10
-2
    9.23 × 10
-2
    2.76 × 10
-2
 
Bη   8.18 × 10
2
   7.58 × 10
2
   5.02 × 10
2
   9.69 × 10
2
 
Cη   1.80 × 10
2
   1.62 × 10
2
   1.74 × 10
2
   7.78 × 10
1
 
do    -1.26 × 10
1
    -1.49 × 10
1
    -3.74 × 10
0
    -4.54 × 10
0
 
d1   7.17 × 10
3
   7.12 × 10
3
   2.42 × 10
3
   2.43 × 10
3
 
d2   7.12 × 10
-1
   7.68 × 10
-1
   7.19 × 10
-1
   7.12 × 10
-1
 
eo    -3.89 × 10
2
    -1.42 × 10
2
    7.45 × 10
2
    5.15 × 10
2
 
e1   5.72 × 10
0
   5.82 × 10
0
   -1.68 × 10
0
   -1.31 × 10
-1
 
e2    -9.53 × 10
-3
    -1.23 × 10
-2
    7.16 × 10
-4
    -2.14 × 10
-3
 
10
2ΔAAD,η 0.87 0.94 1.54 0.41 
10
2ΔMAD,η 3.86 2.66 4.65 1.13 
10
2Δbias,η 0.01 0.01 0.03 0.00 
 
Table 8.17 : Coefficients of equations (7.11) to (7.13) for density and  
statistical parameter for centrifuged crude oil B 
a0    1.06 × 10
3
 b0    3.72 × 10
2
     10
2ΔAAD,ρ 0.00 
a1   -4.98 × 10
-1
 b1   -1.04 × 10
0
 C    1.94 × 10
-1
 10
2ΔMAD,ρ 0.01 
a2   -2.67 × 10
-4
 b2    7.43 × 10
-4
     10
2Δbias,ρ 0.05 
 
Table 8.18 : Coefficients of equations (7.1) to (7.3) for viscosity and  
statistical parameter for centrifuged crude oil B 
Aη    1.04 × 10
-1
 do    -1.68 × 10
1
 eo    2.19 × 10
2
 10
2ΔAAD,η 0.63 
Bη   6.87 × 10
2
 d1   8.23 × 10
3
 e1    3.64 × 10
0
 10
2ΔMAD,η 2.53 
Cη   1.81 × 10
2
 d2    7.13 × 10
-1
 e2    -8.79 × 10
-3
 10
2Δbias,η 0.01 
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Table 8.19 : Coefficients of equations (7.11) to (7.13) for density and statistical parameter for 
 the system of centrifuged crude of  oil A (1) + n-octane (2) + n-dodecane (3) + n-hexadecane (4) 
Coefficients w1 = 1 w1 = 0.748 w1 = 0.500 w1 = 0.249 
a0    1.10 × 10
3
    1.03 × 10
3
    9.84 × 10
2
    9.36 × 10
2
 
a1   -4.94 × 10
-1
   -3.54 × 10
-1
   -3.74 × 10
-1
   -3.56 × 10
-1
 
a2   -2.15 × 10
-4
   -4.32 × 10
-3
   -4.54 × 10
-4
   -5.26 × 10
-4
 
b0    3.58 × 10
2
    3.61 × 10
2
    3.43 × 10
2
    3.32 × 10
2
 
b1   -8.34 × 10
-1
   -9.79 × 10
-1
   -9.73 × 10
-1
   -1.00 × 10
0
 
b2    4.09 × 10
-4
    6.61 × 10
-4
    6.73 × 10
-4
    7.49 × 10
-4
 
C    1.97 × 10
-1
    1.95 × 10
-1
    1.99 × 10
-1
    2.01 × 10
-1
 
10
2ΔAAD,ρ 0.01 0.01 0.01 0.01 
10
2ΔMAD,ρ 0.03 0.05 0.03 0.03 
10
2Δbias,ρ 0.00 0.00 0.00 0.00 
 
Table 8.20 : Coefficients of equations (7.1) to (7.3) for viscosity and statistical parameter for 
 the system of centrifuged crude oil A (1) + n-octane (2) + n-dodecane (3) + n-hexadecane (4) 
Coefficients w1 = 1 w1 = 0.748 w1 = 0.500 w1 = 0.249 
Aη    9.55 × 10
-2
    6.49 × 10
-2
    4.80 × 10
-2
    5.47 × 10
-2
 
Bη   8.39 × 10
2
   8.71 × 10
2
   8.73 × 10
2
   8.55 × 10
2
 
Cη   1.93 × 10
2
   1.58 × 10
2
   1.22 × 10
2
   7.02 × 10
1
 
do    -3.67 × 10
1
    -1.46 × 10
1
    -6.13 × 10
0
    -5.74 × 10
0
 
d1   1.75 × 10
4
   7.33 × 10
3
   3.42 × 10
3
   2.94 × 10
3
 
d2   7.14 × 10
-1
   7.14 × 10
-1
   7.09 × 10
-1
   7.09 × 10
-1
 
eo    -2.30 × 10
3
    -3.20 × 10
2
    3.90 × 10
2
    3.98 × 10
2
 
e1   1.94 × 10
1
   6.20 × 10
0
   8.42 × 10
-1
   8.01 × 10
-1
 
e2    -3.15 × 10
-2
    -1.18 × 10
-2
    -3.33 × 10
-3
    -3.59 × 10
-3
 
10
2ΔAAD,η 0.55 0.41 0.25 2.01 
10
2ΔMAD,η 1.94 1.45 0.80 5.90 
10
2Δbias,η 0.01 0.00 0.00 -0.09 
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Conclusions and Future Work 
9.1  Conclusions 
The main aim of this project was to investigate experimentally the effects of 
temperature, pressure and solvents / diluents on the viscosity and density of model 
hydrocarbon mixtures and crude oils. The selected model hydrocarbons were based on 
typical crude oil SARA analysis to make model heavy oils with a range of 
hydrocarbon types. The experimental viscosity data were used not only to test the 
Dymond-Assael hard-sphere model for the correlation of pure fluids but also for the 
prediction of the viscosity of mixtures containing complex hydrocarbons. 
 
The viscosity and density (η, ρ) of 5 pure fluids and 9 hydrocarbon mixtures (one 
ternary, six quaternary and two quinary mixtures) were measured using the vibrating 
wire viscometer and u-tube densimeter respectively at temperatures ranging from 
(298.15 to 448.15) K and pressures up to 135 MPa (reservoir conditions). The 
hydrocarbons were selected to represent different types of hydrocarbons found in real 
crude oils, so that they could be used to make model crude oils upon mixing. For the 
prediction of hydrocarbon mixtures, the hard-sphere model was less accurate but 
surprisingly good as a predictive tool in most cases. For most of the hydrocarbon 
mixtures, the model predicted the viscosity within ± 5 %. However the prediction 
errors were considerable higher (up to ± 35 %) for other mixtures due to the addition 
of complex hydrocarbons containing heteroatoms.  
 
The viscosity and density of two crude oil samples (obtained from the North Sea) 
were also determined at reservoir conditions, the effects of hydrocarbons dilution 
were also observed on thermophysical properties. Excellent correlation results were 
obtained for pure crude oil data to within ±5 % by the Dymond-Assael model. For the 
prediction of crude oils plus hydrocarbon diluents, the hard-sphere model predicted 
their viscosities with reasonable uncertainties of about ± 10 %. 
For the Dymond-Assael hard-sphere model, a new correlation equations for molar 
volume V0 (temperature dependent) and roughness factor    (temperature 
independent) were obtained using an improved experimental viscosity and density 
data for linear hydrocarbons ranging from C1-C18 at high temperatures and pressures. 
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9.2  Future Work 
It has been discussed earlier that different hydrocarbons were selected to replicate the 
viscosity and density of real crude oils. The selected hydrocarbons were based on 
typical crude oil SARA analysis to make model crude oils with a range of 
hydrocarbon types. The maximum viscosity value was obtained 16 mPa·s at p = 110 
MPa for mixture M5 b, which contained an equal number of moles of hydrocarbons 
(n-octane, n-dodecane, n-hexadecane and DIDP).  
For the future work different compositions of hydrocarbon mixtures should be studied 
with a larger amount of heavier hydrocarbons such as DIDP and lesser of the lighter 
hydrocarbons such as n-octane. Another hydrocarbon to use to make model 
hydrocarbon mixture should also include Diethylhexylphthalate (DEHP) belonging to 
the same family group as DIDP and also with high viscosity and density values. 
The hydrocarbon benchmark mixture (n-octane, n-dodecane and n-hexadecane) was 
used for the dilution of crude oil samples and solids (asphaltenes) were collected 
during the filtration process. For some of the mixtures, crude oils were dissolved in an 
excess amount of hydrocarbon solvents (75 %). In order to remove the asphaltene 
from crude oil, one should follow the standard procedure of dissolving crude oil into a 
solvent (1g of crude oil in 50g of solvent). 
For the dilution of hydrocarbons and crude oils, one should consider using carbon 
dioxide (CO2) for dilution purposes and how the viscosity and density of crude oils 
are affected by its addition.  
Measurements on crude oil sample A at T = 298.15 K carried out in this work have 
indicated that the upper viscosity limit of the 150 μm wire is around 330 mPa·s. As 
the vibrating wire viscometer was modified to house a larger wire diameter of 500 
μm, so it can be used with a larger wire diameter to extend the upper viscosity limit at 
lower temperatures. 
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Table A.1: Experimental Density and Viscosity of n-Dodecane 
           
 p ρc η   p ρc η   p ρc η 
 MPa kg·m-3 mPa·s   MPa kg·m-3 mPa·s   MPa kg·m-3 mPa·s 
 
           
 T / K = 298.15  T / K = 323.15   T / K = 348.15  
            
 1 745.9 1.37  1 728.1 0.924  1 709.8 0.667 
 20 758.4 1.71  20 742.1 1.14  20 725.6 0.823 
 40 769.8 2.12  40 754.7 1.40  40 739.6 1.00 
 60 779.9 2.59  60 765.7 1.69  60 751.5 1.20 
 80 788.9 3.13  80 775.4 2.02  80 762.0 1.42 
 100 797.2 3.74  100 784.3 2.38  100 771.5 1.65 
 120 804.8 4.42  120 792.3 2.77  120 780.1 1.90 
 135 810.1 4.98  135 798.0 3.09  135 786.0 2.11 
 1 745.9 1.37  1 728.1 0.923  1 709.8 0.666 
 
         
  
            
 T / K = 373.15 
 
T / K = 398.15  
 
T / K = 423.15  
            
 1 690.9 0.507  1 671.5 0.401  1 651.7 0.328 
 20 709.0 0.627  20 692.5 0.501  20 676.1 0.416 
 40 724.5 0.764  40 709.8 0.611  40 695.5 0.510 
 60 737.6 0.910  60 724.1 0.727  60 711.2 0.606 
 80 749.0 1.07  80 736.4 0.847  80 724.5 0.704 
 100 759.1 1.23  100 747.2 0.972  100 736.1 0.804 
 120 768.2 1.41  120 756.9 1.10  120 746.5 0.904 
 135 774.5 1.54  135 763.6 1.20  135 753.5 0.981 
 1 690.9 0.507  1 671.6 0.402  1 651.7 0.328 
 
          
 
     
   
    
     T / K = 448.15      
            
     1 631.3 0.275     
     20 660.2 0.357     
     40 682.1 0.442     
     60 699.4 0.525     
     80 713.8 0.608     
     100 726.2 0.690     
     120 737.2 0.771     
     135 744.7 0.832     
     1 631.3 0.275     
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Table A.2: Experimental Density and Viscosity of Heptamethylnonane 
 
           
p ρc η   p ρc η   p ρc η 
MPa kg·m
-3
 mPa·s   MPa kg·m
-3
 mPa·s   MPa kg·m
-3
 mPa·s 
           
T / K = 298.15 
 
T / K = 323.15  
 
T / K = 348.15  
           
1 781.3 3.31 
 
1 765.1 1.98 
 
1 748.3 1.31 
20 793.6 4.71 
 
20 778.8 2.72 
 
20 763.8 1.76 
40 804.8 6.76 
 
40 791.1 3.75 
 
40 777.3 2.36 
60 814.7 9.60 
 
60 801.8 5.12 
 
60 788.9 3.12 
80 823.5 13.50 
 
80 811.3 6.89 
 
80 799.1 4.08 
100 831.6 18.82 
 
100 819.8 9.20 
 
100 808.2 5.27 
120 839.0 26.01 
 
120 827.6 12.16 
 
120 816.5 6.73 
135 844.1 32.98 
 
135 833.1 14.90 
 
135 822.2 8.03 
1 781.3 3.31 
 
1 765.2 1.99 
 
1 748.3 1.31 
           
T / K = 373.15 
 
T / K = 398.15  
 
T / K = 423.15  
           
1 731.1 0.932 
 
1 713.4 0.700 
 
1 695.2 0.549 
20 748.6 1.24 
 
20 733.4 0.933 
 
20 718.4 0.741 
40 763.6 1.64 
 
40 750.0 1.23 
 
40 736.9 0.977 
60 776.2 2.13 
 
60 763.7 1.58 
 
60 751.8 1.25 
80 787.1 2.72 
 
80 775.5 1.99 
 
80 764.5 1.56 
100 796.8 3.42 
 
100 785.9 2.46 
 
100 775.6 1.90 
120 805.6 4.26 
 
120 795.1 3.00 
 
120 785.4 2.29 
135 811.6 4.98 
 
135 801.5 3.46 
 
135 792.1 2.60 
1 731.1 0.933 
 
1 713.3 0.701 
 
1 695.2 0.550 
          
 
    
   
    
    
T / K = 448.15  
    
           
    
1 676.6 0.444 
    
    
20 703.7 0.603 
    
    
40 724.4 0.792 
    
    
60 740.7 1.004 
    
    
80 754.4 1.24 
    
    
100 766.2 1.49 
    
    
120 776.6 1.77 
    
    
135 783.7 1.99 
    
    
1 676.6 0.445 
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Table A.3: Experimental Density and Viscosity of Bicyclohexyl (BCH) 
 
           
p ρc η   p ρc η   p ρc η 
MPa kg·m
-3
 mPa·s   MPa kg·m
-3
 mPa·s   MPa kg·m
-3
 mPa·s 
           
T / K = 298.15 
 
T / K = 323.15  
 
T / K = 348.15  
           
1 883.1 3.63 
 
1 865.9 2.13 
 
1 848.3 1.40 
20 893.1 4.80 
 
20 877.0 2.74 
 
20 860.7 1.77 
40 902.5 6.31 
 
40 887.4 3.50 
 
40 872.2 2.22 
1 883.1 3.62 
 
60 896.7 4.38 
 
60 882.4 2.73 
    
80 905.3 5.41 
 
80 891.6 3.31 
    
40 887.4 3.50 
 
40 872.1 2.21 
    
1 865.9 2.12 
 
1 848.3 1.40 
           
           
           
T / K = 373.15 
 
T / K = 398.15  
 
T / K = 423.15  
           
1 830.3 0.996 
 
1 812.1 0.754 
 
1 793.4 0.597 
20 844.3 1.25 
 
20 828.0 0.940 
 
20 811.7 0.740 
40 857.0 1.55 
 
40 842.1 1.16 
 
40 827.5 0.906 
60 868.2 1.89 
 
60 854.3 1.40 
 
60 840.9 1.09 
80 878.2 2.26 
 
80 865.2 1.66 
 
80 852.7 1.29 
1 830.3 0.995 
 
1 812.1 0.755 
 
1 793.4 0.597 
         
  
           
           
          
 
    
   
    
    
T / K = 448.15  
    
           
    
1 774.5 0.489 
    
    
20 795.7 0.601 
    
    
40 813.4 0.732 
    
    
60 828.3 0.874 
    
    
80 841.1 1.03 
    
    
40 813.4 0.735 
    
    
1 774.5 0.489 
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Table A.4: Experimental Density and Viscosity of Diisopropyl-benzene (DIPB) 
 
           
p ρc η   p ρc η   p ρc η 
MPa kg·m
-3
 mPa·s   MPa kg·m
-3
 mPa·s   MPa kg·m
-3
 mPa·s 
           
T / K = 298.15 
 
T / K = 323.15  
 
T / K = 348.15  
           
1 856.3 1.28 
 
1 837.0 0.877 
 
1 818.9 0.651 
20 868.3 1.56 
 
20 850.9 1.07 
 
20 833.6 0.787 
40 879.5 1.9 
 
40 863.5 1.29 
 
40 847.2 0.941 
60 889.4 2.29 
 
60 874.3 1.53 
 
60 859.1 1.11 
80 898.4 2.72 
 
80 884.2 1.81 
 
80 869.6 1.29 
100 906.7 3.23 
 
100 893.0 2.11 
 
100 879.2 1.49 
120 914.4 3.85 
 
120 901.3 2.44 
 
120 888 1.72 
135 919.7 4.38 
 
135 906.6 2.71 
 
135 894.1 1.89 
60 889.3 2.29 
 
60 874.2 1.52 
 
60 859 1.11 
1 856.2 1.28 
 
1 834.0 0.877 
 
1 818.9 0.65 
           
T / K = 373.15 
 
T / K = 398.15  
 
T / K = 423.15  
           
1 800.1 0.506 
 
1 777.4 0.408 
 
1 757.4 0.335 
20 815.9 0.615 
 
20 797.0 0.496 
 
20 780.5 0.412 
40 829.8 0.733 
 
40 814.0 0.593 
 
40 799.5 0.493 
60 844.2 0.858 
 
60 828.4 0.693 
 
60 815.1 0.575 
80 855.6 0.992 
 
80 840.7 0.798 
 
80 828.5 0.661 
100 865.9 1.14 
 
100 851.8 0.91 
 
100 840.4 0.752 
120 875.2 1.30 
 
120 861.7 1.03 
 
120 851.0 0.847 
135 881.8 1.43 
 
135 868.6 1.13 
 
135 858.3 0.923 
60 844.1 0.858 
 
60 828.6 0.692 
 
60 815.1 0.575 
1 800.1 0.506 
 
1 777.3 0.407 
 
1 757.4 0.334 
    
   
    
    
T / K = 448.15  
    
           
    
1 734.5 0.279 
    
    
20 762.6 0.348 
    
    
40 783.8 0.418 
    
    
60 800.8 0.489 
    
    
80 815.3 0.562 
    
    
100 827.9 0.638 
    
    
120 839.2 0.717 
    
    
135 846.9 0.779 
    
    
60 800.7 0.490 
    
        1 734.7 0.279         
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Table A.5: Experimental Density and Viscosity of 4 Benzyl-pyridine (4BP) 
 
           
p ρc η   p ρc η   p ρc η 
MPa kg·m
-3
 mPa·s   MPa kg·m
-3
 mPa·s   MPa kg·m
-3
 mPa·s 
           
T / K = 298.15 
 
T / K = 323.15 
 
T / K = 348.15 
           
1 1046.9 4.51 
 
1 1027.9 2.55 
 
1 1008.7 1.68 
20 1056.3 5.43 
 
20 1038.2 3.01 
 
20 1020.1 1.96 
40 1065.5 6.60 
 
40 1048.1 3.54 
 
40 1030.8 2.28 
60 1074.0 7.95 
 
60 1057.2 4.18 
 
60 1040.6 2.63 
80 1081.9 9.64 
 
80 1065.7 4.91 
 
80 1049.7 3.02 
100 1089.3 11.66 
 
100 1073.7 5.71 
 
100 1058.3 3.45 
120 1096.3 13.99 
 
120 1081.2 6.70 
 
120 1066.3 3.95 
135 1101.4 16.13 
 
135 1086.6 7.51 
 
135 1072.2 4.36 
60 1073.9 7.88 
 
60 1057.1 4.20 
 
60 1040.5 2.63 
1 1046.9 4.46 
 
1 1027.9 2.56 
 
1 1008.7 1.68 
           
T / K = 373.15 
 
T / K = 398.15 
 
T / K = 423.15 
           
1 989.1 1.20 
 
1 968.9 0.908 
 
1 948.2 0.721 
20 1001.7 1.39 
 
20 983.0 1.05 
 
20 964.2 0.829 
40 1013.4 1.60 
 
40 996.0 1.20 
 
40 978.7 0.955 
60 1024.1 1.83 
 
60 1007.7 1.37 
 
60 991.4 1.07 
80 1033.9 2.08 
 
80 1018.3 1.54 
 
80 1002.9 1.21 
100 1043.1 2.36 
 
100 1028.1 1.73 
 
100 1013.5 1.36 
120 1051.7 2.65 
 
120 1037.3 1.94 
 
120 1023.3 1.52 
135 1058.0 2.89 
 
135 1043.9 2.10 
 
135 1030.2 1.63 
60 1024.0 1.83 
 
60 1007.6 1.37 
 
60 991.4 1.09 
1 989.1 1.2 
 
1 968.93 0.908 
 
1 948.22 0.721 
    
   
    
    
T / K = 448.15 
    
           
    
1 926.7 0.587 
    
    
20 945.1 0.680 
    
    
40 961.4 0.778 
    
    
60 975.4 0.882 
    
    
80 987.9 0.993 
    
    
100 999.2 1.10 
    
    
120 1009.5 1.24 
    
    
135 1016.7 1.40 
    
    
60 975.4 0.883 
    
        1 926.7 0.588         
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 Table A.6: Experimental Density and Viscosity of n-Octane (1) + n-Dodecane (2) 
and n-Hexadecane (3) at w1 = 0.333, w2 = 0.334, w3 = 0.333 
           p ρc η  p ρc η  p ρc η 
MPa kg·m
-3
 mPa·s   MPa kg·m
-3
 mPa·s   MPa kg·m
-3
 mPa·s 
           T / K = 298.15 
 
T / K = 323.15 
 
T / K = 348.15  
           1 737.8 1.17 
 
1 719.8 0.821 
 
1 702.2 0.603 
20 750.8 1.45 
 
20 734.6 1.00 
 
20 718.1 0.747 
40 762.4 1.77 
 
40 747.6 1.23 
 
40 732.7 0.907 
60 772.6 2.14 
 
60 758.7 1.47 
 
60 744.8 1.07 
80 781.8 2.55 
 
80 768.6 1.72 
 
80 755.5 1.26 
100 790.1 3.02 
 
100 777.5 2.01 
 
100 765.1 1.46 
120 797.8 3.57 
 
120 785.7 2.32 
 
120 773.8 1.67 
60 772.6 2.14 
 
135 791.1 2.58 
 
135 779.9 1.84 
1 737.8 1.17 
 
60 758.6 1.46 
 
60 744.7 1.07 
    
1 719.8 0.817 
 
1 702.1 0.603 
           T / K = 373.15 
 
T / K = 398.15  
 
T / K = 423.15  
           1 683.9 0.469 
 
1 662.2 0.374 
 
1 642.9 0.306 
20 701.2 0.585 
 
20 684.1 0.47 
 
20 668.8 0.391 
40 716.2 0.705 
 
40 702.2 0.573 
 
40 689.0 0.475 
60 730.9 0.836 
 
60 716.9 0.677 
 
60 705.0 0.561 
80 742.6 0.965 
 
80 729.3 0.784 
 
80 718.5 0.649 
100 753.1 1.11 
 
100 740.4 0.898 
 
100 730.2 0.746 
120 762.1 1.27 
 
120 750.2 1.016 
 
120 740.7 0.845 
135 768.6 1.40 
 
135 757.0 1.112 
 
135 747.9 0.913 
60 730.9 0.84 
 
1 662.1 0.375 
 
1 642.9 0.305 
1 683.9 0.47 
        
    
   
    
    
T / K = 448.15  
    
           
    
1 621.1 0.255 
    
    
20 652.4 0.328 
    
    
40 674.8 0.403 
    
    
60 692.2 0.478 
    
    
80 706.7 0.552 
    
    
100 719.2 0.634 
    
    
120 730.3 0.712 
    
    
135 737.8 0.777 
    
        1 621.1 0.256         
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Table A.7: Experimental Density and Viscosity of n-Octane (1) + n-Dodecane (2) + n-Hexadecane (3) 
and Heptamethylnonane (4) at w1 = 0.250, w2 = 0.251, w3 = 0.249, w4 = 0.250 
           p ρc η   p ρc η   p ρc η 
MPa kg·m
-3
 mPa·s   MPa kg·m
-3
 mPa·s   MPa kg·m
-3
 mPa·s 
           T / K = 298.15 
 
T / K = 323.15 
 
T / K = 348.15  
           1 748.9 1.40 
 
1 731.3 0.959 
 
1 713.1 0.698 
20 761.6 1.76 
 
20 745.6 1.19 
 
20 729.3 0.866 
40 773.1 2.20 
 
40 758.3 1.48 
 
40 743.4 1.06 
60 783.2 2.73 
 
60 769.4 1.80 
 
60 755.5 1.28 
80 792.3 3.33 
 
80 779.2 2.16 
 
80 766.1 1.53 
100 800.6 4.03 
 
100 788 2.57 
 
100 775.6 1.79 
120 808.2 4.82 
 
120 796.1 3.02 
 
120 784.2 2.08 
135 813.5 5.48 
 
135 801.7 3.39 
 
135 790.1 2.31 
1 748.9 1.39 
 
1 731.2 0.961 
 
1 713.2 0.698 
           
           
T / K = 373.15 
 
T / K = 398.15  
 
T / K = 423.15  
           
1 694.4 0.531 
 
1 675.0 0.419 
 
1 655.1 0.340 
20 712.9 0.661 
 
20 696.4 0.527 
 
20 680.1 0.434 
40 728.6 0.812 
 
40 714.0 0.649 
 
40 699.8 0.537 
60 741.8 0.976 
 
60 728.5 0.779 
 
60 715.7 0.644 
80 753.3 1.15 
 
80 740.8 0.916 
 
80 729.0 0.755 
100 763.4 1.34 
 
100 751.7 1.06 
 
100 740.7 0.870 
120 772.5 1.54 
 
120 761.4 1.21 
 
120 751.0 0.988 
135 778.9 1.70 
 
135 768.1 1.327 
 
135 758.0 1.078 
1 695.4 0.531 
 
1 674.9 0.419 
 
1 655.0 0.341 
           
    
   
    
    
T / K = 448.15  
    
           
    
1 634.6 0.283 
    
    
20 664.2 0.364 
    
    
40 686.4 0.452 
    
    
60 703.7 0.542 
    
    
80 718.2 0.633 
    
    
100 730.6 0.725 
    
    
120 741.6 0.819 
    
    
135 749.1 0.89 
    
        1 634.6 0.284         
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Table A.8: Experimental Density and Viscosity of n-Octane (1) + n-Dodecane (2) + n-Hexadecane (3) 
and Bicyclohexyl (4) at w1 = 0.249, w2 = 0.250, w3 = 0.249, w4 = 0.251 
           p ρc η   p ρc η   p ρc η 
MPa kg·m
-3
 mPa·s   MPa kg·m
-3
 mPa·s   MPa kg·m
-3
 mPa·s 
           T / K = 298.15 
 
T / K = 323.15 
 
T / K = 348.15  
           1 771.2 1.44 
 
1 753.4 0.984 
 
1 735.2 0.715 
20 783.2 1.79 
 
20 767.0 1.21 
 
20 750.6 0.876 
40 794.3 2.21 
 
40 779.3 1.48 
 
40 764.3 1.06 
60 804.1 2.71 
 
60 790.1 1.78 
 
60 776.1 1.27 
80 813.0 3.28 
 
80 799.7 2.12 
 
80 786.5 1.50 
100 821.2 3.93 
 
100 808.4 2.50 
 
100 795.8 1.74 
120 828.7 4.66 
 
120 816.4 2.91 
 
120 804.4 2.01 
135 833.9 5.27 
 
135 822.0 3.24 
 
135 810.3 2.22 
1 771.1 1.44 
 
1 753.4 0.984 
 
1 735.2 0.716 
           
           
T / K = 373.15 
 
T / K = 398.15  
 
T / K = 423.15  
           
1 716.4 0.545 
 
1 697.2 0.431 
 
1 677.5 0.351 
20 734.1 0.67 
 
20 717.6 0.535 
 
20 701.2 0.440 
40 749.3 0.814 
 
40 734.6 0.652 
 
40 720.2 0.539 
60 762.3 0.969 
 
60 748.8 0.776 
 
60 735.7 0.642 
80 773.5 1.13 
 
80 761.0 0.906 
 
80 748.9 0.748 
100 783.6 1.31 
 
100 771.7 1.04 
 
100 760.4 0.858 
120 792.7 1.5 
 
120 781.4 1.18 
 
120 770.7 0.972 
135 798.9 1.64 
 
135 788.1 1.29 
 
135 777.8 1.06 
1 716.4 0.545 
 
1 697.3 0.432 
 
1 677.5 0.352 
           
    
   
    
    
T / K = 448.15  
    
           
    
1 657.3 0.293 
    
    
20 685.0 0.369 
    
    
40 706.3 0.452 
    
    
60 723.2 0.537 
    
    
80 737.4 0.624 
    
    
100 749.7 0.714 
    
    
120 760.6 0.805 
    
    
135 768.1 0.874 
    
        1 657.3 0.293         
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Table A.9: Experimental Density and Viscosity of n-Octane (1) + n-Dodecane (2) + n-Hexadecane (3) 
and Diisopropyl-benzene (4) at w1 = 0.249, w2 = 0.252, w3 = 0.249, w4 = 0.250 
           p ρc η  p ρc η  p ρc η 
MPa kg·m
-3
 mPa·s   MPa kg·m
-3
 mPa·s   MPa kg·m
-3
 mPa·s 
           T / K = 298.15 
 
T / K = 323.15 
 
T / K = 348.15  
           1 761.7 1.16 
 
1 743.9 0.815 
 
1 725.6 0.610 
20 774.7 1.43 
 
20 758.5 1.00 
 
20 742.2 0.746 
40 786.4 1.73 
 
40 771.4 1.21 
 
40 756.4 0.898 
60 796.6 2.09 
 
60 782.5 1.43 
 
60 768.5 1.06 
80 805.8 2.49 
 
80 792.4 1.68 
 
80 779.2 1.24 
100 814.2 2.95 
 
100 801.4 1.96 
 
100 788.9 1.43 
120 822.0 3.43 
 
120 809.7 2.27 
 
120 797.7 1.63 
135 827.4 3.88 
 
135 815.5 2.53 
 
135 804.0 1.80 
60 796.6 2.11 
 
60 782.5 1.429 
 
60 768.5 1.06 
1 761.8 1.16 
 
1 743.9 0.814 
 
1 725.6 0.611 
           T / K = 373.15 
 
T / K = 398.15  
 
T / K = 423.15  
           1 706.6 0.475 
 
1 686.8 0.381 
 
1 666.9 0.314 
20 725.6 0.586 
 
20 708.8 0.474 
 
20 692.6 0.397 
40 741.4 0.706 
 
40 726.4 0.573 
 
40 713.0 0.481 
60 754.6 0.83 
 
60 741.0 0.673 
 
60 728.8 0.564 
80 766.2 0.959 
 
80 753.4 0.777 
 
80 742.3 0.651 
100 776.5 1.10 
 
100 764.6 0.89 
 
100 754.0 0.742 
120 786.0 1.25 
 
120 774.6 1.00 
 
120 764.6 0.837 
135 792.6 1.37 
 
135 781.6 1.09 
 
135 771.9 0.910 
60 754.5 0.829 
 
60 740.9 0.672 
 
60 728.7 0.564 
1 706.6 0.476 
 
1 686.8 0.383 
 
1 666.9 0.313 
    
   
    
    
T / K = 448.15  
    
           
    
1 646.8 0.265 
    
    
20 677.0 0.340 
    
    
40 699.2 0.414 
    
    
60 716.7 0.487 
    
    
80 731.2 0.562 
    
    
100 743.7 0.639 
    
    
120 754.8 0.718 
    
    
135 762.4 0.780 
    
    
60 716.5 0.486 
            1 646.7 0.265         
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Table A.10: Experimental Density and Viscosity of n-Octane (1) + n-Dodecane (2) + n-Hexadecane (3) 
and Diisodecyl-phthalate (4) at w1 = 0.249, w2 = 0.251, w3 = 0.251, w4 = 0.249 
           p ρc η 
 
p ρc η 
 
p ρc η 
MPa kg·m
-3
 mPa·s   MPa kg·m
-3
 mPa·s   MPa kg·m
-3
 mPa·s 
           T / K = 298.15 
 
T / K = 323.15 
 
T / K = 348.15 
           1 783.6 1.88 
 
1 765.9 1.23 
 
1 747.9 0.869 
20 796.2 2.38 
 
20 780.1 1.53 
 
20 763.9 1.08 
40 807.6 2.97 
 
40 792.6 1.90 
 
40 777.7 1.32 
60 817.7 3.67 
 
60 803.6 2.29 
 
60 789.6 1.58 
80 826.8 4.49 
 
80 813.3 2.74 
 
80 800.1 1.88 
100 835.0 5.44 
 
100 822.2 3.25 
 
100 809.6 2.20 
120 842.7 6.55 
 
120 830.3 3.84 
 
120 818.3 2.55 
135 848.0 8.67 
 
135 836.1 4.32 
 
135 824.4 2.84 
60 817.6 3.67 
 
60 803.5 2.29 
 
60 789.5 1.58 
1 783.6 1.88 
 
1 765.9 1.23 
 
1 747.9 0.871 
           
T / K = 373.15 
 
T / K = 398.15 
 
T / K = 423.15 
           
1 729.4 0.653 
 
1 710.3 0.513 
 
1 690.3 0.419 
20 747.6 0.813 
 
20 731.2 0.640 
 
20 714.5 0.526 
40 762.9 0.989 
 
40 748.2 0.781 
 
40 733.5 0.642 
60 775.8 1.18 
 
60 762.2 0.926 
 
60 748.9 0.758 
80 787.1 1.38 
 
80 774.4 1.08 
 
80 762.1 0.883 
100 797.2 1.60 
 
100 785.3 1.25 
 
100 773.7 1.01 
120 806.6 1.85 
 
120 795.2 1.42 
 
120 784.1 1.15 
135 813.1 2.05 
 
135 802.1 1.56 
 
135 791.3 1.26 
60 775.7 1.18 
 
40 748.1 0.783 
 
60 748.8 0.759 
1 729.4 0.654 
 
1 710.3 0.516 
 
1 690.3 0.418 
    
   
    
    
T / K = 448.15 
    
           
    
1 669.4 0.350 
    
    
20 697.7 0.441 
    
    
40 719.1 0.541 
    
    
60 736.0 0.637 
    
    
80 750.2 0.740 
    
    
100 762.5 0.846 
    
    
120 773.4 0.956 
    
    
135 780.9 1.046 
    
    
20 697.7 0.441 
    
    
1 669.4 0.349 
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Table A.11: Experimental Density and Viscosity of n-Octane (1) + n-Dodecane (2) + n-Hexadecane (3) 
and Diisodecyl-phthalate (4) at w1 = 0.119, w2 = 0.177, w3 = 0.236, w4 = 0.467 
           
p ρc η   p ρc η   p ρc η 
MPa kg·m
-3
 mPa·s   MPa kg·m
-3
 mPa·s   MPa kg·m
-3
 mPa·s 
           T / K = 298.15 
 
T / K = 323.15 
 
T / K = 348.15  
           1 833.4 4.11 
 
1 816.0 2.32 
 
1 798.4 1.51 
20 845.3 5.36 
 
20 829.3 2.96 
 
20 813.2 1.89 
40 856.3 6.96 
 
40 841.3 3.75 
 
40 826.3 2.36 
60 866.0 8.96 
 
60 851.8 4.69 
 
60 837.7 2.88 
80 874.8 11.37 
 
80 861.2 5.79 
 
80 847.8 3.49 
100 882.9 14.30 
 
100 869.9 7.08 
 
100 857.1 4.18 
110 886.8 16.01 
 
120 877.9 8.58 
 
120 865.7 4.96 
40 856.2 6.97 
 
125 879.9 8.99 
 
130 869.7 5.40 
20 845.3 5.36 
 
130 881.7 9.42 
 
60 837.6 2.88 
1 833.4 4.11 
 
1 816.0 2.32 
 
1 798.3 1.50 
           
T / K = 373.15 
 
T / K = 398.15  
 
T / K = 423.15  
           
1 780.4 1.06 
 
1 761.9 0.801 
 
1 742.8 0.632 
20 797.1 1.33 
 
20 780.8 1.00 
 
20 764.5 0.787 
40 811.5 1.65 
 
40 796.8 1.23 
 
40 782.2 0.963 
60 823.8 1.98 
 
60 810.2 1.48 
 
60 796.8 1.15 
80 834.7 2.36 
 
80 821.9 1.74 
 
80 809.5 1.34 
100 844.7 2.79 
 
100 832.5 2.03 
 
100 820.8 1.56 
120 853.8 3.27 
 
120 842.2 2.35 
 
120 831.0 1.79 
130 858.1 3.52 
 
130 846.8 2.52 
 
130 835.7 1.92 
20 797.0 1.33 
 
20 780.8 1.00 
 
20 764.4 0.788 
1 780.4 1.06 
 
1 761.9 0.803 
 
1 742.7 0.622 
    
   
    
    
T / K = 448.15  
    
           
    
1 722.8 0.502 
    
    
20 748.0 0.638 
    
    
40 767.8 0.781 
    
    
60 783.8 0.929 
    
    
80 797.5 1.08 
    
    
100 809.4 1.25 
    
    
120 820.1 1.43 
    
    
130 825.0 1.53 
    
    
20 747.9 0.640 
    
        1 722.8 0.502         
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Table A.12: Experimental Density and Viscosity of n-Octane (1) + n-Dodecane (2) + i-Hexadecane (3) 
and 4 Benzyl pyridine (4) at w1 = 0.250, w2 = 0.250, w3 = 0.250, w4 = 0.250 
           p ρc η   p ρc η   p ρc η 
MPa kg·m
-3
 mPa·s   MPa kg·m
-3
 mPa·s   MPa kg·m
-3
 mPa·s 
           T / K = 298.15 
 
T / K = 323.15 
 
T / K = 348.15  
           1 797.8 2.31 
 
1 779.6 1.75 
 
1 761.0 1.41 
20 810.3 2.67 
 
20 793.6 2.01 
 
20 776.9 1.62 
40 821.6 3.10 
 
40 806.1 2.30 
 
40 790.6 1.83 
60 831.7 3.55 
 
60 817.0 2.61 
 
60 802.4 2.06 
80 840.7 4.01 
 
80 826.8 2.95 
 
80 813.0 2.29 
100 849.1 4.63 
 
100 835.7 3.30 
 
100 822.6 2.54 
120 856.7 5.30 
 
120 843.9 3.70 
 
120 831.4 2.81 
135 862.2 5.90 
 
135 849.7 4.02 
 
135 837.6 3.02 
60 831.6 3.56 
 
60 816.9 2.61 
 
60 802.4 2.06 
1 797.8 2.30 
 
1 779.6 1.76 
 
1 761.1 1.41 
           
T / K = 373.15 
 
T / K = 398.15  
 
T / K = 423.15  
           
1 742.2 1.20 
 
1 722.6 1.03 
 
1 702.1 0.886 
20 760.1 1.37 
 
20 743.2 1.19 
 
20 726.0 1.03 
40 775.4 1.55 
 
40 760.2 1.34 
 
40 745.0 1.16 
60 788.3 1.73 
 
60 774.3 1.49 
 
60 760.5 1.30 
80 799.6 1.91 
 
80 786.6 1.64 
 
80 773.7 1.43 
100 809.9 2.11 
 
100 797.5 1.79 
 
100 785.4 1.55 
120 819.3 2.31 
 
120 807.5 1.95 
 
120 796.0 1.68 
135 825.9 2.46 
 
135 814.5 2.07 
 
135 803.3 1.78 
60 788.2 1.73 
 
60 774.2 1.49 
 
60 760.4 1.30 
1 742.2 1.21 
 
1 722.6 1.03 
 
1 702.1 0.887 
    
   
    
    
T / K = 448.15  
    
           
    
1 680.5 0.337 
    
    
20 708.6 0.419 
    
    
40 730.0 0.500 
    
    
60 747.0 0.578 
    
    
80 761.4 0.659 
    
    
100 773.8 0.741 
    
    
120 784.9 0.828 
    
    
135 792.4 0.888 
    
    
60 746.9 0.577 
    
        1 680.4 0.336         
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Table A.13: Experimental Density and Viscosity of n-Octane (1) + n-Dodecane (2) + n-Hexadecane (3) 
+ 4 Benzyl pyridine (4)  and Phenanthrene (5) at w1 = 0.217, w2 = 0.218,  
      w3 = 0.219, w4 = 0.223, w5 = 0.124       
p ρc η   p ρc η   p ρc η 
MPa kg·m
-3
 mPa·s   MPa kg·m
-3
 mPa·s   MPa kg·m
-3
 mPa·s 
           T / K = 298.15 
 
T / K = 323.15 
 
T / K = 348.15  
           1 828.1 1.86 
 
1 810.0 1.35 
 
1 791.5 1.03 
20 840.2 2.23 
 
20 823.5 1.60 
 
20 806.6 1.22 
35 848.6 2.55 
 
40 835.6 1.89 
 
40 820.0 1.44 
20 840.2 2.23 
 
60 846.3 2.21 
 
60 831.6 1.67 
1 828.1 1.87 
 
70 851.3 2.39 
 
70 837.0 1.80 
    
60 846.3 2.25 
 
60 831.6 1.67 
    
40 835.6 1.93 
 
40 820.0 1.44 
    
20 823.4 1.63 
 
20 806.6 1.22 
    
1 810.0 1.37 
 
1 791.5 1.03 
           
           
    
T / K = 398.15  
    
           
    
1 752.9 0.57 
    
    
20 772.5 0.67 
    
    
40 788.2 0.78 
    
    
60 802.3 0.90 
  
  
    
70 808.9 0.96 
    
    
60 802.8 0.91 
    
    
40 788.9 0.78 
    
    
20 773.1 0.67 
    
    
1 755.5 0.57 
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Table A.14: Experimental Density and Viscosity of n-Octane (1) + n-Dodecane (2) + n-Hexadecane (3) 
 + 4 Benzyl pyridine (4)  and Diisodecyl-phthalate  (5) at w1 = 0.197, w2 = 0.201,  
      w3 = 0.200, w4 = 0.200, w5 = 0.203       
p ρc η   p ρc η   p ρc η 
MPa kg·m
-3
 mPa·s   MPa kg·m
-3
 mPa·s   MPa kg·m
-3
 mPa·s 
           T / K = 298.15 
 
T / K = 323.15 
 
T / K = 348.15  
           1 822.1 2.01 
 
1 804.1 1.31 
 
1 785.8 0.945 
20 834.4 2.48 
 
20 817.8 1.62 
 
20 801.2 1.15 
40 845.6 3.08 
 
40 830.1 1.96 
 
40 814.7 1.38 
60 855.5 3.77 
 
60 840.9 2.36 
 
60 826.4 1.64 
80 864.5 4.55 
 
80 850.6 2.78 
 
80 836.8 1.91 
100 872.8 5.48 
 
100 859.4 3.27 
 
100 846.3 2.22 
120 880.4 6.56 
 
120 867.6 3.84 
 
120 855.1 2.56 
135 885.8 7.48 
 
135 873.4 4.30 
 
135 861.2 2.84 
60 855.5 3.77 
 
60 840.8 2.36 
 
60 826.3 1.64 
1 822.1 2.02 
 
1 804.1 1.32 
 
1 785.7 0.943 
           
T / K = 373.15 
 
T / K = 398.15  
 
T / K = 423.15  
           
1 766.9 0.712 
 
1 747.5 0.561 
 
1 726.9 0.451 
20 784.4 0.871 
 
20 767.5 0.688 
 
20 750.1 0.555 
40 799.4 1.04 
 
40 784.1 0.821 
 
40 768.6 0.668 
60 812.1 1.22 
 
60 798.0 0.962 
 
60 783.9 0.787 
80 823.4 1.42 
 
80 810.2 1.11 
 
80 797.0 0.897 
100 833.5 1.63 
 
100 821.0 1.27 
 
100 808.6 1.02 
120 842.9 1.86 
 
120 831.0 1.44 
 
120 819.1 1.16 
135 849.4 2.05 
 
135 837.9 1.57 
 
135 826.4 1.26 
20 784.4 0.872 
 
60 797.9 0.962 
 
20 750.0 0.554 
1 766.9 0.715 
 
1 747.4 0.564 
 
1 726.8 0.452 
    
   
    
    
T / K = 448.15  
    
           
    
1 705.7 0.372 
    
    
20 732.8 0.466 
    
    
40 753.6 0.559 
    
    
60 770.4 0.651 
    
    
80 784.6 0.754 
    
    
100 796.9 0.859 
    
    
120 807.9 0.960 
    
    
135 815.5 1.047 
    
    
20 732.7 0.464 
    
        1 705.6 0.371         
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Table B.1: Experimental Density and Viscosity of Pure Crude Oil A 
           p ρc η 
 
p ρc η 
 
p ρc η 
MPa kg·m
-3
 mPa·s   MPa kg·m
-3
 mPa·s   MPa kg·m
-3
 mPa·s 
           T / K = 323.15 
 
T / K = 348.15 
 
T / K = 398.15 
           1 909.7 62.99 
 
1 894.0 22.02 
 
1 861.7 5.68 
10 915.0 77.99 
 
10 899.8 26.62 
 
10 868.9 6.59 
15 917.8 87.93 
 
20 905.8 32.55 
 
20 876.2 7.74 
20 920.6 99.24 
 
30 911.4 39.55 
 
30 882.9 9.05 
25 923.2 111.69 
 
40 916.6 47.83 
 
40 889.1 10.51 
30 925.8 125.17 
 
50 921.6 57.58 
 
50 894.9 12.13 
40 930.7 151.32 
 
60 926.4 69.46 
 
60 900.3 13.98 
50 935.3 198.74 
 
70 930.9 83.71 
 
70 905.5 16.05 
60 939.8 252.56 
 
80 935.2 100.69 
 
80 910.4 18.37 
70 944.0 321.25 
 
90 939.4 119.78 
 
90 915.2 21.07 
40 930.6 156.24 
 
80 935.3 100.39 
 
80 910.4 18.34 
30 925.7 123.81 
 
60 926.4 68.97 
 
60 900.3 14.00 
20 920.5 97.42 
 
40 916.6 47.42 
 
40 889.0 10.50 
10 915.0 76.00 
 
20 905.8 32.28 
 
20 876.1 7.77 
1 909.7 61.60 
 
1 894.0 21.83 
 
1 861.7 5.65 
           
           
           
    
T / K = 448.15 
    
           
           
    
1 827.7 2.40 
    
    
10 837.1 2.74 
    
    
20 846.3 3.16 
    
    
30 854.5 3.61 
    
    
40 862.1 4.12 
    
    
50 869.0 4.65 
    
    
60 875.4 5.23 
    
    
70 881.4 5.86 
    
    
80 887.1 6.57 
    
    
90 892.4 7.32 
    
    
80 887.1 6.57 
    
    
60 875.4 5.25 
    
    
40 862.0 4.13 
    
    
20 846.3 3.18 
    
    
1 827.6 2.41 
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           Table B.2: Experimental Density and Viscosity of Crude Oil A (1) + n-octane (2) + n-dodecane (3) + 
n-hexadecane (4) at w1 = 0.737, w2 = 0.087, w3 = 0.086, w4 = 0.089 
           p ρc η 
 
p ρc η 
 
p ρc η 
MPa kg·m
-3
 mPa·s   MPa kg·m
-3
 mPa·s   MPa kg·m
-3
 mPa·s 
           T / K = 323.15 
 
T / K = 348.15 
 
T / K = 398.15 
           1 832.5 4.71 
 
1 815.3 2.80 
 
1 779.4 1.29 
20 845.2 6.21 
 
20 829.5 3.64 
 
20 797.5 1.65 
40 856.6 8.13 
 
40 842.0 4.67 
 
40 812.8 2.06 
60 866.8 10.52 
 
60 853.0 5.90 
 
60 825.7 2.53 
80 875.9 13.39 
 
80 862.8 7.35 
 
80 837.1 3.05 
100 884.3 16.93 
 
100 871.7 9.07 
 
100 847.3 3.64 
80 875.9 13.42 
 
80 862.8 7.34 
 
80 837.0 3.05 
60 866.7 10.55 
 
60 852.9 5.85 
 
60 825.6 2.52 
40 856.6 8.19 
 
40 842.0 4.63 
 
40 812.7 2.06 
20 845.1 6.28 
 
20 829.4 3.61 
 
20 797.4 1.66 
1 832.5 4.76 
 
1 815.3 2.79 
 
1 779.3 1.29 
           
           
           
    
T / K = 448.15 
    
           
    
1 741.3 0.750 
    
    
20 765.3 0.960 
    
    
40 784.3 1.20 
    
    
60 799.8 1.45 
    
    
80 813.0 1.72 
    
    
100 824.6 2.01 
    
    
80 812.9 1.72 
    
    
60 799.7 1.45 
    
    
40 784.2 1.20 
    
    
20 765.2 0.960 
    
    
1 741.2 0.749 
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Table B.3: Experimental Density and Viscosity of Crude Oil A (1) + n-octane (2) + n-dodecane (3) + 
n-hexadecane (4) at w1 = 0.489, w2 = 0.166, w3 = 0.171, w4 = 0.174 
           
p ρc η 
 
p ρc η 
 
p ρc η 
MPa kg·m
-3
 mPa·s   MPa kg·m
-3
 mPa·s   MPa kg·m
-3
 mPa·s 
           T / K = 323.15 
 
T / K = 348.15 
 
T / K = 398.15 
           1 808.6 3.15 
 
1 791.6 1.99 
 
1 756.2 1.01 
20 821.5 4.08 
 
20 805.9 2.54 
 
20 774.5 1.28 
40 833.1 5.24 
 
40 818.6 3.21 
 
40 789.9 1.59 
60 843.3 6.62 
 
60 829.6 3.98 
 
60 802.9 1.93 
80 852.5 8.27 
 
80 839.5 4.86 
 
80 814.3 2.30 
100 860.9 10.24 
 
100 848.5 5.89 
 
100 824.6 2.71 
80 852.4 8.27 
 
80 839.5 4.86 
 
80 814.3 2.30 
60 843.2 6.62 
 
60 829.6 3.98 
 
60 802.9 1.93 
40 833.0 5.24 
 
40 818.6 3.21 
 
40 789.9 1.59 
20 821.5 4.08 
 
20 805.9 2.54 
 
20 774.5 1.28 
1 808.6 3.16 
 
1 791.6 2.00 
 
1 756.1 1.01 
           
           
           
    
T / K = 448.15 
    
           
    
1 718.2 0.610 
    
    
20 742.6 0.790 
    
    
40 761.8 0.970 
    
    
60 777.3 1.17 
    
    
80 790.6 1.38 
    
    
100 802.2 1.61 
    
    
80 790.5 1.38 
    
    
60 777.3 1.17 
    
    
40 761.7 0.970 
    
    
20 742.5 0.790 
    
    
1 718.1 0.610 
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           Table B.4: Experimental Density and Viscosity of Crude Oil A (1) + n-octane (2) + n-dodecane (3) + 
n-hexadecane (4) at w1 = 0.248, w2 = 0.252, w3 = 0.251, w4 = 0.249 
           
p ρc η 
 
p ρc η 
 
p ρc η 
MPa kg·m
-3
 mPa·s   MPa kg·m
-3
 mPa·s   MPa kg·m
-3
 mPa·s 
           T / K = 323.15 
 
T / K = 348.15 
 
T / K = 398.15 
           1 759.4 1.37 
 
1 741.8 0.969 
 
1 704.8 0.569 
20 773.3 1.71 
 
20 757.4 1.20 
 
20 725.2 0.709 
40 785.5 2.12 
 
40 770.9 1.47 
 
40 741.8 0.85 
60 796.2 2.57 
 
60 782.5 1.78 
 
60 755.6 1.02 
80 805.8 3.10 
 
80 792.8 2.11 
 
80 767.5 1.20 
100 814.5 3.71 
 
100 802.1 2.48 
 
100 778.2 1.38 
80 805.8 3.12 
 
80 792.8 2.11 
 
80 767.5 1.19 
60 796.2 2.59 
 
60 782.5 1.78 
 
60 755.5 1.02 
40 785.5 2.12 
 
40 770.8 1.48 
 
40 741.8 0.85 
20 773.2 1.72 
 
20 757.3 1.20 
 
20 725.1 0.710 
1 759.4 1.37 
 
1 741.8 0.970 
 
1 704.8 0.568 
           
           
           
    
T / K = 448.15 
    
           
    
1 664.8 0.375 
    
    
20 692.4 0.475 
    
    
40 713.3 0.580 
    
    
60 729.9 0.695 
    
    
80 743.8 0.818 
    
    
100 755.8 0.936 
    
    
80 743.7 0.818 
    
    
60 729.8 0.695 
    
    
40 713.3 0.581 
    
    
20 692.4 0.475 
    
    
1 664.8 0.374 
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Table B.5: Experimental Density and Viscosity of Pure Crude Oil B 
  
           p ρc η 
 
p ρc η 
 
p ρc η 
MPa kg·m
-3
 mPa·s   MPa kg·m
-3
 mPa·s   MPa kg·m
-3
 mPa·s 
           T / K = 298.15 
 
T / K = 323.15 
 
T / K = 348.15 
           1 910.7 83.21 
 
1. 894.7 25.23 
 
1 878.5 11.02 
20 921.0 129.26 
 
20 905.9 36.79 
 
20 890.8 15.42 
40 930.7 209.31 
 
40 916.2 54.00 
 
40 902.1 21.43 
50 935.2 254.92 
 
60 925.6 78.25 
 
60 912.0 29.54 
60 939.5 335.48 
 
80 934.1 112.05 
 
80 921.1 39.97 
1 910.8 86.38 
 
100 942.0 165.05 
 
100 929.5 53.85 
    
120 949.4 236.79 
 
120 937.3 72.68 
    
100 942.0 166.36 
 
135 942.9 90.14 
    
80 934.1 114.30 
 
120 937.3 72.69 
    
60 925.6 79.83 
 
100 929.5 53.73 
    
1 894.7 25.56 
 
80 921.1 39.98 
        
60 912.0 29.43 
        
40 902.0 21.40 
        
20 890.8 15.35 
        
1 878.5 10.99 
           
           
           T / K = 373.15 
 
T / K = 398.15 
 
T / K = 423.15 
           1 861.9 5.88 
 
1 845.0 3.60 
 
1 827.7 2.44 
20 875.6 7.99 
 
20 860.2 4.76 
 
20 845.0 3.18 
40 887.8 10.73 
 
40 873.7 6.25 
 
40 859.8 4.11 
60 898.6 14.19 
 
60 885.4 8.05 
 
60 872.5 5.20 
80 908.3 18.58 
 
80 895.8 10.22 
 
80 883.7 6.48 
100 917.3 24.04 
 
100 905.3 12.85 
 
100 893.8 7.97 
120 925.6 30.73 
 
120 914.1 16.18 
 
120 903.1 9.78 
135 931.5 37.19 
 
135 920.3 18.89 
 
135 909.5 11.32 
120 925.5 30.74 
 
120 914.1 16.13 
 
120 903.0 9.77 
100 917.2 23.98 
 
100 905.3 12.87 
 
100 893.8 7.99 
80 908.3 18.47 
 
80 895.7 10.25 
 
80 883.6 6.46 
60 898.5 14.08 
 
60 885.3 8.10 
 
60 872.4 5.18 
40 887.7 10.69 
 
40 873.6 6.26 
 
40 859.8 4.10 
20 875.5 7.99 
 
20 860.2 4.75 
 
20 844.9 3.18 
1 861.9 5.86 
 
1 844.9 3.60 
 
1 827.6 2.42 
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Table B.5: Experimental Density and Viscosity of Pure Crude Oil B 
(continued) 
  
           
p ρc η 
 
p ρc η 
 
p ρc η 
MPa kg·m
-3
 mPa·s   MPa kg·m
-3
 mPa·s   MPa kg·m
-3
 mPa·s 
           
    
T / K = 448.15 
    
           
    
1 809.9 1.75 
    
    
20 829.6 2.29 
    
    
40 846.2 2.92 
    
    
60 860.0 3.64 
    
    
80 872.1 4.49 
    
    
100 882.8 5.46 
    
    
120 892.4 6.55 
    
    
100 882.7 5.45 
    
    
80 872.0 4.48 
    
    
60 859.9 3.66 
    
    
40 846.1 2.92 
    
    
20 829.5 2.29 
    
    
1 809.8 1.75 
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Table B.6: Experimental Density and Viscosity of Crude Oil B (1) + n-octane (2) + n-dodecane (3) + 
n-hexadecane (4) at w1 = 0.745, w2 = 0.085, w3 = 0.086, w4 = 0.084 
           
p ρc η 
 
p ρc η 
 
p ρc η 
MPa kg·m
-3
 mPa·s   MPa kg·m
-3
 mPa·s   MPa kg·m
-3
 mPa·s 
           T / K = 298.15 
 
T / K = 323.15 
 
T / K = 348.15 
           1 866.0 18.54 
 
1 849.6 7.73 
 
1 832.9 4.17 
20 877.0 25.74 
 
20 861.7 10.43 
 
20 846.3 5.50 
40 887.1 35.83 
 
40 872.7 14.01 
 
40 858.3 7.20 
60 896.3 50.01 
 
60 882.4 18.61 
 
60 868.9 9.31 
80 904.6 68.60 
 
80 891.3 24.37 
 
80 878.4 11.85 
100 912.4 93.15 
 
100 899.5 31.62 
 
100 887.1 14.90 
120 919.7 128.37 
 
120 907.1 40.87 
 
120 895.2 18.58 
135 924.9 160.89 
 
135 912.4 50.13 
 
135 900.9 21.93 
120 919.8 130.54 
 
120 907.1 41.74 
 
120 895.1 18.63 
100 912.7 96.36 
 
100 899.5 32.39 
 
100 887.0 14.91 
1 866.1 18.68 
 
80 891.3 24.85 
 
80 878.3 11.85 
    
60 882.4 19.03 
 
60 868.8 9.31 
    
40 872.6 14.34 
 
40 858.2 7.23 
    
20 861.6 10.66 
 
20 846.2 5.52 
    
1 849.6 7.85 
 
1 832.9 4.17 
           
    
T / K = 398.15 
    
           
    
1 798.1 1.76 
    
    
20 815.0 2.28 
    
    
40 829.5 2.88 
    
    
60 841.9 3.59 
    
    
80 852.9 4.43 
    
    
100 862.8 5.37 
    
    
120 871.9 6.45 
    
    
135 878.4 7.34 
    
    
60 841.8 3.58 
    
    
1 798.0 1.75 
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Table B.7: Experimental Density and Viscosity of Crude Oil B (1) + n-octane (2) + n-dodecane (3) + 
n-hexadecane (4) at w1 = 0.498, w2 = 0.168, w3 = 0.166, w4 = 0.168 
           p ρc η 
 
p ρc η 
 
p ρc η 
MPa kg·m
-3
 mPa·s   MPa kg·m
-3
 mPa·s   MPa kg·m
-3
 mPa·s 
           T / K = 298.15 
 
T / K = 323.15 
 
T / K = 348.15 
           1 816.4 5.17 
 
1 799.5 2.63 
 
1 782.3 1.70 
20 828.2 6.69 
 
20 812.6 3.38 
 
20 797.0 2.17 
40 838.9 8.70 
 
40 824.4 4.29 
 
40 809.9 2.71 
60 848.5 11.12 
 
60 834.7 5.36 
 
60 821.0 3.33 
80 857.1 14.08 
 
80 844.0 6.68 
 
80 831.0 4.04 
100 865.1 17.72 
 
100 852.5 8.19 
 
100 840.1 4.86 
120 872.4 22.21 
 
120 860.3 9.99 
 
120 848.4 5.80 
135 877.7 26.32 
 
135 865.8 11.53 
 
135 854.4 6.61 
120 872.5 22.53 
 
120 860.3 10.00 
 
120 848.4 5.80 
100 865.1 18.04 
 
100 852.4 8.19 
 
100 840.0 4.86 
80 857.2 14.35 
 
80 843.9 6.68 
 
80 830.9 4.04 
60 848.5 11.33 
 
60 834.6 5.38 
 
60 821.0 3.33 
40 838.9 8.86 
 
40 824.3 4.30 
 
40 809.8 2.71 
20 828.2 6.82 
 
20 812.6 3.38 
 
20 796.9 2.16 
1 816.4 5.28 
 
1 799.5 2.64 
 
1 782.3 1.71 
           T / K = 398.15 
 
T / K = 448.15 
    
           1 746.4 0.898 
 
1 708.0 0.569 
    20 765.2 1.13 
 
20 733.1 0.719 
    40 780.9 1.40 
 
40 752.6 0.888 
    60 794.1 1.69 
 
60 768.5 1.06 
    80 805.7 2.00 
 
80 781.9 1.24 
    100 816.0 2.36 
 
100 793.6 1.45 
    120 825.5 2.74 
 
120 804.0 1.66 
    135 832.2 3.06 
 
135 811.2 1.84 
    120 825.5 2.74 
 
120 804.0 1.66 
    100 816.0 2.35 
 
100 793.5 1.44 
    80 805.6 2.00 
 
80 781.8 1.24 
    60 794.1 1.69 
 
60 768.4 1.05 
    40 780.9 1.39 
 
40 752.6 0.889 
    20 765.2 1.13 
 
20 733.0 0.721 
    1 746.4 0.897 
 
1 707.8 0.569 
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Table B.8: Experimental Density and Viscosity of Crude Oil B (1) + n-octane (2) + n-dodecane (3) 
+ n-hexadecane (4) at w1 = 0.249, w2 = 0.250, w3 = 0.247, w4 = 0.254 
           p ρc η   p ρc η   p ρc η 
MPa kg·m
-3
 mPa·s   MPa kg·m
-3
 mPa·s   MPa kg·m
-3
 mPa·s 
           T / K = 298.15 
 
T / K = 323.15 
 
T / K = 348.15 
           1 779.1 2.23 
 
1 761.8 1.44 
 
1 744.1 1.00 
20 791.5 2.81 
 
20 775.7 1.79 
 
20 759.7 1.24 
40 802.7 3.54 
 
40 788.0 2.23 
 
40 773.3 1.53 
60 812.6 4.39 
 
60 798.7 2.71 
 
60 784.9 1.85 
80 821.5 5.37 
 
80 808.3 3.26 
 
80 795.2 2.19 
100 829.6 6.55 
 
100 817.0 3.89 
 
100 804.6 2.58 
120 837.1 7.91 
 
120 825.0 4.59 
 
120 813.1 3.01 
135 842.4 9.06 
 
135 830.6 5.19 
 
135 819.2 3.37 
120 837.1 7.95 
 
120 825.0 4.59 
 
116 811.4 2.93 
100 829.6 6.59 
 
100 816.9 3.89 
 
96 802.6 2.5 
80 821.4 5.43 
 
80 808.2 3.25 
 
80 795.2 2.19 
60 812.5 4.44 
 
60 798.6 2.73 
 
60 784.9 1.84 
40 802.6 3.60 
 
40 787.9 2.22 
 
40 773.2 1.53 
20 791.4 2.86 
 
20 775.6 1.8 
 
20 759.7 1.26 
1 779.1 2.27 
 
1 761.8 1.44 
 
1 744.1 1.00 
           
    
T / K = 398.15 
    
           
    
1 707.0 0.579 
    
    
20 727.4 0.734 
    
    
40 744.0 0.897 
    
    
60 757.9 1.06 
    
    
80 769.8 1.24 
    
    
100 780.5 1.44 
    
    
120 790.3 1.66 
    
    
135 797.0 1.83 
    
    
120 790.2 1.66 
    
    
100 780.5 1.44 
    
    
80 769.8 1.25 
    
    
60 757.8 1.06 
    
    
40 744.0 0.898 
    
    
20 727.3 0.735 
            1 706.9 0.580         
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Table B.9: Experimental Density and Viscosity of Centrifuged Crude Oil B 
 
           
p ρc η   p ρc η   p ρc η 
MPa kg·m
-3
 mPa·s   MPa kg·m
-3
 mPa·s   MPa kg·m
-3
 mPa·s 
           
T / K = 298.15 
 
T / K = 323.15  
 
T / K = 348.15  
           
1 890.3 35.52 
 
1 873.8 12.92 
 
1 857.2 6.40 
20 901.1 52.69 
 
20 885.7 18.19 
 
20 870.4 8.70 
40 911.2 78.21 
 
40 896.6 25.46 
 
40 882.2 11.78 
60 920.3 115.2 
 
60 906.3 35.13 
 
60 892.6 15.62 
80 928.7 158.33 
 
80 915.1 48.10 
 
80 902.1 20.57 
100 936.5 278.75 
 
100 923.2 65.57 
 
100 910.7 26.84 
60 920.5 116.37 
 
120 930.8 88.84 
 
120 918.8 34.67 
1 890.3 35.28 
 
135 936.2 111.41 
 
135 924.5 41.87 
    
120 930.8 88.59 
 
120 918.8 34.60 
    
100 923.2 65.72 
 
100 910.7 26.80 
    
80 915.0 48.02 
 
80 902.0 20.50 
    
60 906.2 35.06 
 
60 892.6 15.55 
    
40 896.5 25.39 
 
40 882.1 11.71 
    
20 885.6 18.11 
 
20 870.3 8.69 
    
1 873.8 12.87 
 
1 857.2 6.40 
           
           
           
    
T / K = 398.15  
    
           
    
1 822.8 2.47 
    
    
20 839.3 3.23 
    
    
40 853.6 4.18 
    
    
60 865.8 5.28 
    
    
80 876.7 6.57 
    
    
100 886.6 8.13 
    
    
120 895.6 9.95 
    
    
135 902.0 11.59 
    
    
60 865.8 5.29 
    
    
40 853.6 4.17 
    
    
20 839.3 3.23 
    
    
1 822.8 2.47 
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Table B.10: Experimental Density and Viscosity of Centrifuged Crude Oil A 
 
           
p ρc η   p ρc η   p ρc η 
MPa kg·m
-3
 mPa·s   MPa kg·m
-3
 mPa·s   MPa kg·m
-3
 mPa·s 
           
T / K = 323.15 
 
T / K = 348.15  
 
T / K = 373.15  
           
1 913.3 62.37 
 
1 897.6 22.04 
 
1 881.6 10.34 
10 918.6 77.51 
 
20 909.4 32.70 
 
20 894.6 14.53 
20 924.1 98.34 
 
40 920.2 47.96 
 
40 906.3 20.41 
30 929.3 124.83 
 
60 929.9 69.59 
 
60 916.7 28.14 
40 934.2 158.69 
 
80 938.8 102.36 
 
80 926.2 38.81 
50 938.9 201.01 
 
100 947.0 146.61 
 
100 934.9 52.32 
60 943.3 257.46 
 
120 954.7 206.72 
 
120 943.1 70.57 
70 947.6 324.40 
 
60 929.8 69.16 
 
135 948.9 88.37 
50 938.8 199.83 
 
40 920.1 47.69 
 
120 943.1 70.20 
40 934.2 158.43 
 
20 909.3 32.19 
 
100 934.9 52.33 
30 929.3 123.99 
 
1 897.5 21.90 
 
80 926.1 38.56 
20 924.1 97.54 
     
60 916.7 28.08 
10 918.6 77.45 
     
40 906.3 20.33 
1 913.3 62.39 
     
20 894.5 14.49 
        
1 881.6 10.33 
           
    
T / K = 398.15  
    
           
    
1 865.3 5.83 
    
    
20 879.8 7.93 
    
    
40 892.6 10.75 
    
    
60 903.8 14.38 
    
    
80 913.9 18.82 
    
    
100 923.2 24.48 
    
    
120 931.8 31.85 
    
    
135 937.9 38.50 
    
    
120 931.8 31.66 
    
    
100 923.2 24.46 
    
    
80 913.9 18.83 
    
    
60 903.7 14.28 
    
    
40 892.5 10.68 
    
    
20 879.7 7.88 
    
        1 865.2 5.86         
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Table B.11: Experimental Density and Viscosity of Centrifuged Crude Oil A (1) + n-octane (2) +  
n-dodecane (3) +n-hexadecane (4) at w1 = 0.748, w2 = 0.083, w3 = 0.082, w4 = 0.087 
           p ρc η   p ρc η   p ρc η 
MPa kg·m
-3
 mPa·s   MPa kg·m
-3
 mPa·s   MPa kg·m
-3
 mPa·s 
           T / K = 298.15  
 
T / K = 323.15  
 
T / K = 348.15  
           1 883.6 33.81 
 
1 867.5 12.74 
 
1 851.4 6.41 
20 894.1 49.53 
 
20 879.1 17.82 
 
20 864.1 8.58 
40 904.0 73.07 
 
40 889.7 24.77 
 
40 875.7 11.56 
60 912.9 105.14 
 
60 899.3 34.08 
 
60 885.9 15.33 
80 921.0 153.2 
 
80 907.9 46.43 
 
80 895.1 19.99 
60 912.9 104.86 
 
100 915.9 63.09 
 
100 903.6 25.81 
40 904.0 73.04 
 
120 923.4 84.75 
 
120 911.5 33.45 
20 894.1 49.45 
 
135 928.7 105.02 
 
135 917.2 40.09 
1 883.6 33.75 
 
120 923.3 84.75 
 
120 911.5 33.26 
    
100 915.9 62.86 
 
100 903.6 25.63 
    
80 907.9 46.41 
 
80 895.1 19.86 
    
60 899.2 34.40 
 
60 885.8 15.22 
    
40 889.7 25.04 
 
40 875.6 11.58 
    
20 879.1 18.04 
 
20 864.1 8.68 
    
1 867.6 12.83 
 
1 851.4 6.42 
           
T / K = 373.15  
 
T / K = 398.15  
 
   
           
1 834.9 3.78 
 
1 818.1 2.47 
    
20 849.1 4.95 
 
20 833.9 3.21 
    
40 861.7 6.51 
 
40 847.7 4.13 
    
60 872.7 8.31 
 
60 859.7 5.19 
    
80 882.6 10.55 
 
80 870.3 6.45 
    
100 891.6 13.26 
 
100 879.9 7.92 
    
120 900.0 16.55 
 
120 888.8 9.66 
    
135 906.0 19.36 
 
135 895.1 11.14 
    
120 900.0 16.51 
 
120 888.8 9.69 
    
100 891.6 13.22 
 
100 879.8 7.92 
    
80 882.5 10.53 
 
80 870.2 6.46 
    
60 872.6 8.32 
 
60 859.6 5.19 
    
40 861.6 6.46 
 
40 847.7 4.11 
    
20 849.0 4.94 
 
20 833.8 3.22 
    
1 834.9 3.77   1 818.0 2.46         
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Table B.12: Experimental Density and Viscosity of Centrifuged Crude Oil A (1) + n-octane (2) +  
n-dodecane (3) +n-hexadecane (4) at w1 = 0.500, w2 = 0.167, w3 = 0.167, w4 = 0.167 
           p ρc η   p ρc η   p ρc η 
MPa kg·m
-3
 mPa·s   MPa kg·m
-3
 mPa·s   MPa kg·m
-3
 mPa·s 
           T / K = 298.15  
 
T / K = 323.15  
 
T / K = 348.15  
           1 832.9 7.14 
 
1 816.2 3.74 
 
1 799.4 2.31 
20 844.3 9.48 
 
20 828.8 4.84 
 
20 813.5 2.97 
40 854.8 12.69 
 
40 840.3 6.25 
 
40 826.0 3.74 
60 864.1 16.70 
 
60 850.4 7.97 
 
60 836.9 4.70 
80 872.7 21.77 
 
80 859.5 10.05 
 
80 846.7 5.77 
100 880.5 28.05 
 
100 867.8 12.55 
 
100 855.6 7.06 
120 887.7 36.08 
 
120 875.5 15.46 
 
120 863.8 8.49 
135 892.9 43.58 
 
135 881.0 18.06 
 
135 869.6 9.76 
60 864.1 16.71 
 
120 875.5 15.5 
 
120 863.8 8.50 
1 832.9 7.16 
 
100 867.8 12.51 
 
100 855.5 7.05 
    
80 859.4 10.03 
 
80 846.6 5.76 
    
60 850.3 8.00 
 
60 836.8 4.68 
    
40 840.2 6.30 
 
40 825.9 3.75 
    
20 828.8 4.86 
 
20 813.5 2.96 
    
1 816.2 3.74 
 
1 799.4 2.31 
           
T / K = 373.15  
 
T / K = 398.15  
 
   
           
1 782.2 1.59 
 
1 764.4 1.15 
    
20 798.0 1.99 
 
20 782.3 1.44 
    
40 811.7 2.50 
 
40 797.5 1.80 
    
60 823.5 3.07 
 
60 810.3 2.19 
    
80 834.0 3.73 
 
80 821.6 2.62 
    
100 843.5 4.45 
 
100 831.7 3.12 
    
120 852.3 5.31 
 
120 841.0 3.65 
    
135 858.5 6.01 
 
135 847.6 4.11 
    
120 852.3 5.32 
 
120 841.0 3.66 
    
100 843.4 4.45 
 
100 831.7 3.11 
    
80 833.9 3.73 
 
80 821.5 2.62 
    
60 823.4 3.06 
 
60 810.2 2.19 
    
40 811.6 2.50 
 
40 797.4 1.80 
    
20 797.9 1.99 
 
20 782.3 1.45 
    
1 782.1 1.57   1 764.4 1.16         
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Table B.13: Experimental Density and Viscosity of Centrifuged Crude Oil A (1) + n-octane (2) +  
n-dodecane (3) +n-hexadecane (4) at w1 = 0.249, w2 = 0.251, w3 = 0.250, w4 = 0.249 
           p ρc η   p ρc η   p ρc η 
MPa kg·m
-3
 mPa·s   MPa kg·m
-3
 mPa·s   MPa kg·m
-3
 mPa·s 
           T / K = 323.15  
 
T / K = 348.15  
 
T / K = 348.15  
           1 766.7 1.62 
 
1 749.2 1.29 
 
1 731.2 0.91 
20 780.4 2.00 
 
20 764.6 1.57 
 
20 748.7 1.11 
40 792.6 2.49 
 
40 778.0 1.89 
 
40 763.4 1.35 
60 803.2 3.00 
 
60 789.5 2.26 
 
60 775.9 1.60 
80 812.7 3.62 
 
80 799.7 2.65 
 
80 786.9 1.88 
100 821.3 4.32 
 
100 809.0 3.09 
 
100 796.9 2.19 
120 829.3 5.13 
 
120 817.5 3.59 
 
120 805.9 2.52 
135 834.9 5.82 
 
135 823.5 4.00 
 
135 812.3 2.78 
120 829.3 5.13 
 
120 817.5 3.59 
 
120 805.9 2.52 
100 821.3 4.33 
 
100 809.0 3.07 
 
100 796.8 2.17 
80 812.6 3.62 
 
80 799.7 2.62 
 
80 786.9 1.87 
60 803.1 3.00 
 
60 789.5 2.22 
 
60 775.9 1.59 
40 792.5 2.47 
 
40 777.9 1.85 
 
40 763.4 1.33 
20 780.4 1.99 
 
20 764.6 1.52 
 
20 748.6 1.09 
1 766.7 1.59   1 749.2 1.23   1 731.2 0.88 
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